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Experimental Study of the Intermittent Vapour Ab- 
sorption Refrigeration Cycle kmploying the Refrig- 


erant-Absorbent Systems of Ammonia Water and 


A systematic investigation is attempted in this 
paper of the intermittent vapour absorption re- 
frigeration cycle employing refrigerant- 
absorbent combinations of ammonia water and 
ammonia-lithium nitrate. A description is given 
of the actual cycle, and the differences between 
the actual and theoretical cycles are traced to- 
gether with the effects of these differences on the 
values of the coefficient of performance and the 
effective cooling per Ib of initial mass of the solu- 
tion. simplified approximate expression’ is 
given for the theoretical coeflicient of perform- 
ance of the ammonia-water system, as also 
expressions for the theoretical coefficient of 
performance of the ammonia-lithium nitrate 
system suitable for use with the corresponding 
data charts. Some comments are made regarding 
condenser performance and evaporator design. 


INTRODUCTION 


There has been in recent years a renewed interest in 
the intermittent vapour absorption refrigeration cycle. 
The main reason for this interest has been the fact that 
this cycle affords a ready application of solar energy 
which is itself an intermittent heat source. Trombe and 
Foex' have reported preliminary experiments with a 
pilot plant using the ammonia-water system. Williams, 
Chung, Lof, Fester, and Duffie’* have described a 
comprehensive investigation which included a theoreti- 
cal estimate of the performance of four different binary 
systems (methanol-silica gel, acetone-silica gel, am- 
monia-water, and Freon 21—tetra-ethylene glycol 
dimethyl ether), and an experimental study of two of 
these systems. In both the above investigations the 
heat source was solar radiation focussed onto the 
generator by means of a reflector. 

Eisenstadt, Flanigan and Farber" have conducted 


Ammonia Lithium Nitrate 


By J. C. V. Chinnappa 


Department of Mechanical Engineering, University of Ceylon, Colombo 


tests on an experimental intermittent refrigerator em- 
ploying the NH;-H.O system with solution concentra- 
tions varying from 0.4 to 0.7 and with maximum 
generator temperatures from 140 to 180 F. These tests 
have demonstrated the feasibility of the use of this 
cycle for air-conditioning. 

Another recent investigation, which however was not 
a solar energy application, has been reported by 
Andrews.’ He described a successful attempt to de- 
velop an absorption refrigerator using the ammonia- 
‘calcium chloride system. 

Karly work on this cycle took place 20 to 30 years 
ago. Portable refrigerators working on this cycle were 
marketed in the U.S.A. employing the ammonia-water 
combination.’ Refrigerators were also built using solid 
absorbents.” Hulse reported the design of an adsorp- 
tion system using sulphur dioxide and _ silica-gel em- 
ployed in freight-car refrigeration.’ 

When this investigation was commenced in March, 
1957, there was not available in the published work to 
the author’s knowledge any detailed information de- 
scribing the intermittent absorption cycle as it occurs 
in practice and giving values for the coefficient of per- 
formance (COP) with heat source temperatures up to 
250 I; temperatures which could normally be expected 
with conventional designs of the different types of solar 
heat collector. This investigation was therefore in- 
tended to obtain a comparison between the theoretical 
and actual performance of a refrigerator working on the 
intermittent vapour absorption cycle with these heat 
source temperatures. 

An artificial heat source was employed to obtain 
these temperatures because the experiments were con- 
ducted in London where solar energy is rarely available 
in winter, while its customary fickleness and varying 
character during the remaining months would make 
the achievement of controlled conditions a matter of 
chance. 

Two binary systems were chosen for systematic 
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investigation: ammonia water and ammonia-lithium 
nitrate. In the case of the NH,-H2O system, tables” and 
a chart’ are available giving the values of the required 
thermodynamic properties, and so the problem  re- 
solved itself into an attempt to study and describe the 
actual cycle, and to evaluate the theoretical and actual 
COP. In the case of the NH,;-LiINOs; system however, 
the data concerning the thermodynamic properties” 
were not comprehensive enough to include the lower 
part of the range of the heat source temperatures under 
investigation. The required properties were therefore 
first evaluated. Thereafter the actual cvele was studied, 
and values for the theoretical and actual COP were 
obtained. 

Since is absorbed by to form a clear, 
syrupy liquid, it was possible to use the same apparatus 
to study both systems, 

The author is not aware of any other published work 
on the use of the NH;-LiNO; combination in an in- 
termittent vapour absorption refrigeration cycle. With 
regard to the NH;-H.O system, this investigation has 
attempted a rather more detailed examination and 
analysis than that reported in similar recent investiga- 
tions. It has also been possible to gain some insights 
into the performance of the condenser (cooled by 
stagnant cooling water) and the evaporator of a re- 
frigerator working on this eyele. The results obtained 
and presented herein therefore would appear to be of 
some use as design data particularly in further research 
connected with solar refrigeration. These experiments, 
preliminary in nature, were in fact conducted by the 
author in order that experimental results under con- 
trolled conditions would be available for comparison 
with the performance of an intermittent refrigerator 
operated by solar energy. Such an investigation is 
currently under way. 


NOMENCLATURE 


Cc Specific heat of NH;-LiNO, solutions 

C; Specific heat of liquid ammonia 

Cy Mean specifie heat of NH;-LiNO; solutions 
over a temperature range 

h Local coefficient of heat transfer 

H Enthalpy of solution 

H Enthalpy of vapour 

HT’ Enthalpy of liquid ammonia (distillate) 


ky, ky Constants in Diihring equation 
k’, k” Constants in equation 


L Latent heat of ammonia 

La Differential heat of evaporation 

Pressure 

Q Heat supplied or transferred 

k:ffective cooling 

(, Heat absorbed by the oil bath and generator- 


absorber vessel 


Q, Heat lost from oil bath 

(). Heat supplied to solution during regeneration 

i Temperature of solution 

t, Temperature of oil bath 

t’ Temperature of distillate or pure ammonia 

T Absolute temperature 

r Specific volume of superheated vapour of am- 
monia 

w Balance weight at end of balance arm 


w (with suffix) Equivalent weight of part of re- 
frigerator 


W Weight of solution 
W, Water equivalent of either generator heating 


arrangement (oil bath, ete.), or condenser- 
evaporator depending on context 


WW’ Weight of distillate or absorbent 

X 4 Concentration of solution, weight of absorbent 
per unit weight of solution 

Xr Concentration of solution, weight of refrigerant 
per unit weight of solution 

UR Concentration of vapour, weight of refrigerant 
per unit weight of vapour 

Signifies small change, e.g., 6t, 
Signifies finite change, e.g., At, 

Bn Mean temperature difference between oil bath 


and atmosphere 
T Time 

Numerical suffixes, unless otherwise specified in the 

context, refer to state points in the refrigeration cycles. 
THE THEORETICAL CYCLE 
Description 

Two forms of the theoretical cycle are proposed as 
suitable for comparison with the actual cycles obtained 
in the present investigation. These two cycles are shown 
plotted for the NH;-H.O system with initial concen- 
tration (X,,) = O48, and maximum generator (or 
solution) temperature (f;) = 255 F in Fig. 2. The 
cycles for the solution occur in the middle of the chart, 
while the temperatures of the refrigerant (or distillate ) 
corresponding to the various points in the cycles are 
shown on the right of the chart for XY, = 1.00. Similar 
cycles can be plotted for the NH;-LiINOs; system on the 
corresponding P-t-X chart. 

The first form of the theoretical cycle may be desig- 
nated “the theoretical cycle with absorption at con- 
stant pressure’, or more briefly “‘the constant pressure 
absorption cycle”, and it is represented in Fig. 2 by 
2-3-4-5-2, 

The second form of the theoretical eyele may be 
designated “the theoretical cycle with absorption at 
constant temperature”, or more briefly “constant 
temperature absorption cycle”, and it is represented in 
Fig. 2 by 1-3-4-6-1. 


In the constant pressure absorption cycle regenera- 
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Fic. 1—Schematie Diagram of Experimental Refrigerator. 
1. Generator-Absorber 
2. Rectifying Section of distillation pipe: 
not insulated for NH;-H.2O tests 
insulated for NH;-LiNOs; tests 
. Pressure Gauge 
. Gauge valve A 
. Valve B: open during regeneration 
closed during refrigeration 
6. Valve C for charging 
7. Absorption pipe 
8. Condenser-evaporator 
9. Thermocouples. 
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tion consists of two processes, 2-3 and 3-4. Likewise 
refrigeration also consists of two processes: 4-5 and 
5-2. During process 4-5 adiabatie cooling of the dis- 
tillate takes place down to the temperature of heat 
abstraction (32 F in Fig. 2). Effective cooling takes 
place during process 5-2. 

In the constant temperature absorption cycle re- 
generation consists of the two processes 1-3 and 3-4. 
In the refrigeration phase, during adiabatic cooling 
process 4-6, the solution is cooled, usually by immersion 
in a water-bath, to a temperature (f,) which is equal 
to the initial temperature (¢,). Effective cooling cakes 
place during process 6-1. 

The numbers on the right represent the correspond- 
ing state points of the distillate. There is no distillate 
in the condenser-evaporator during process 2-3 or 1-3. 

The constant pressure absorption eyele (2-3-4-5-2) 
is the more efficient of the two cycles due to the fact 
that less refrigerant is used up during the process 4-5 
than during the process 4-6, leaving more refrigerant 
to produce effective cooling. However, the constant 
pressure absorption cycle is more difficult to realise 
in practice. The difficulty mainly arises in the control 
of the rate of cooling of the generator-absorber during 
the refrigeration stage, for it is necessary to regulate 


during the process 4-5, the cooling rate of the genera- 


tor-absorber so that the distillate will be cooled to 
t;’ (the temperature at which heat abstraction should 
take place) and no further. Thereafter, during the 
process 5-2, the cooling rate needs to be so adjusted 
that absorption at constant pressure is maintained. 
In the present series of tests no attempt was made to 
realise constant pressure absorption. Instead, just 
prior to the commencement of the refrigeration stage 
the generator-absorber was immersed in a cooling tank. 
The temperature of the solution fell quite rapidly to 
80 F, and remained approximately at that tempera- 
ture during the rest of the refrigeration stage. There- 
fore, of the two eycles proposed for comparison with 
the actual cycle, the constant temperature cycle is 
more realistic. 


Coefficient of Performance 
Where enthalpy of vapour, solution, and refrigerant 
may be obtained from appropriate tables and charts, 
Williams, et al, have stated the following expression 
for the COP of the constant pressure absorption cycle: 


COP = @./Q., 
Ws’ X Ls (1] 
Wo 
WiH.— +] HedW 
JW, 
where 
Q. = effective cooling 
(), = heat to solution during regeneration 
W;’ = weight of refrigerant (distillate) at the com- 
mencement of process 5-2 
L; = latent heat of refrigerant (L; = Le) 
W = weight of solution, suffix indicating point in the 
cvcle 
H = enthalpy of solution, suffix indicating point in 
the cycle 
dW = differential mass of vapour boiling out of solu- 
tion 
H, = enthalpy of the vapour at the temperature at 


which dW is evaporated 
The mass of distillate (or refrigerant) at point 5 may 
be obtained from the following expression, also stated 
by Williams, et al., which gives the ratio of the masses 
of distillate at the end of and at the commencement of 
process 
Ws’ (Hs5’—H4 
where 
L,, = mean latent heat of the refrigerant during the 
process 4-5 
H’ = enthalpy of the liquid refrigerant, suffix indi- 


cating the point in the eyele. 
The vapour boiling off from the solution contains 
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TEMPERATURE 


CONCENTRATION X, 


o-6 o-7 


(i NH, per \o Solution 


2—Theoretical Cycles for NH;-H2O System. 


an increasing proportion of water vapour as the tem- 


perature of distillation rises. Since in the theoretical 
evcle it is assumed that the distillate is pure NH;, 
account must be taken of the rectification of the vapour 


boiling off. Applying mass balances to the rectifier, 
it may demonstrated that: 


dW = (. — [2a] 
where 


dw mass of vapour leaving solution and enter- 
ing rectifier at temperature f, 

dw’ = mass of pure refrigerant vapour leaving 
rectifier, and 

NX». = refrigerant concentration of solution and 
vapour at temperature f. 

(or dW’) 


is related directly to solution mass and concentration 


Since the mass of pure refrigerant W’ 


it is now possible to evaluate Eq. [1] for given condi- 
tions of 4, Xe, ts, and P, using Eqs. [2] and [2a], 
and also the P-t-X chart giving values of enthalpy. 


eq. [1] cannot be applied where values of enthalpy 
for vapour and solution are not directly available, 
as is the case for the NH,-LiINO; system for which 
Gensch" has presented the data in different form. In 
addition to the P-t-X chart, Gensch has compiled a 
chart giving the differential heat of evaporation of 
NH; from NH;-LiNO, solutions plotted against boiling 
point for various concentrations and pressures: and 
also obtained a curve for the variation of the specific 
heat of NH,;-LiNO; solutions with concentration. The 
same form has been used in this paper for the presen- 
tation of the NH;-LiNO, data to facilitate comparison 
with Gensch’s charts. The expression for Q, , the heat 
supplied to the solution during regeneration, has 
therefore been modified to make it possible to use the 
data as presented in the charts. 

In its modified form, for p equal changes of 6W 
in the weight of solution during actual distillation 
(process 3-4) such that 6W, = 6W, = = 6W, = 

= 6W,(= 6W), 
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a 
= , bu . and t,’ = 80 F. Eq. [6] has been evaluated for two 
n=p r=(p—1) nar [3] and t.’ = 80 F. The values of the COP obtained from 
> Ld,,, 6W,, + 6W both equations have been plotted against maximum 
generator (or solution) temperature in Fig. 3. 
where Similarly for NH;-LiNO; Eq. [4] has been evaluated 
W = weight of solution for two values of initial concentration (NX yo) = 0.455 
¢ = specific heat of solution and 0.513. For the solution with Yo = 0.455, b = : 
t = temperature of solution 116 F, while for the solution with Xx = 0.513, fb = 
6t, = temperature rise of the solution during which 
the incremental change in solution weight is T T 
= mean specific heat of the solution during the os} | 


Cm n 


change in concentration due to change in 


| 

\ 

| 

| 
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solution weight of go+— = 
Ld,, = mean differential heat of evaporation. 2 a Oy 
rhe expression for the COP of the NH;-LiNO; con- wos j 
stant pressure absorption cycle therefore becomes & 
3 ( OP = =p 
6 
WW 3 C3( ts ts ) + (w 4 Cm,, ét,, 
n=l 
n=p r=(p-—1) n=r | 
Le Ld, ps 2. Cm, Goo ‘te 160 = 740 260 280 300 
n=l r=1 MAXIMUM SOLUTION TEMPERATURE 
61 The derivation of Eq. [3] and an example of the appli- Variation of the Pheoretical € oefficient of Performance 
with the Maximum Solution Temperature for the NHs- 


cation of a similar equation is given in Appendix I. H.O System. 
The above expressions for the COP have to be modi- constant pressure and constant temperature absorption 


fied slightly for the constant temperature absorption x” om 
- cycle because the refrigeration phase differs from the 3. Npz = 0.48, t: = 98°F, t;’ = 80°F. 
4. Xpi = 0.48, t2 = 80°F = 
refrigeration phase i in the constant pressure absorption Suffixes refer to points in cycles in Fig 2. 
cycle. The expression for the effective cooling becomes 
Q.= L. [5] | 


where 
L,, = mean latent heat of the refrigerant during the 
process 6-1 
W,’ = weight of refrigerant at point 6. 
Hence for the NH;-H:O constant temperature cycle 
ry 
COP = [6] 
W.H, +f H, dW 
Ws 


\ 


= 


— 
YX 


o3 


COEFFICIENT OF PERFORMANCE 


| 
For the NH;-LiNO; constant temperature cycle oe 
We’ X La 
5 n=p 4 = 
W 3 C3(ts — + (Ww ot, (7] 
nom] | 

n=p r=(p—l) n=r | 
Ld, 6W,, Cu dt, 120 40 220 240 260 

Fic. 4—Variation of the Theoretical Coefficient of Performance 
Eq. [1] has been evaluated for NH;-H2O for two with Maximum Solution Temperature for the NH>- 

values of the initial concentration Ny = 0.48 and LiNO,s System. 


constant pressure and constant yaaa absorption 

X ro 0.513, t2 = 89°F, = 80°F. 

Xm = 0.513, t; = 80°F = ¢,’ 

X = 0.455, te = 80°F. 

Xr 1 = 0.455, t, = 80°F 

uilixes refer to points in the ) al cycles in Fig 15. 


0.55. For the solution with Nps = 0.48, the initial tem- , 
perature of the solution, 2 = 98 F, while for the solu- 2. 
tion with Xo = 0.55, tt = 80 F. For both solutions r 
the temperature of heat abstraction, é;) = t' = 32 F, SI 


if 
= 
M 
: 
3 
- 


89 F. For both solutions t;) = t = 32 F, ¢, 80 F 
In the same way Eq. [7] has been evaluated for values 
of Xe, = 0.455 and Xg, = 0.513, 4 = 80 F, t;’ = 80 
F. The values of the COP so obtained from both these 
equations have been plotted against maximum solu- 


tion temperature, ¢; in Fig. 4. 


Simplified Expressions for the Theoretical Coeffi- 
cient of Performance for the NH,-H.O System 
The evaluation of Eqs. [1], [4], [6], and [7] requires 

tedious computation, and so an attempt was made to 

simplify these equations. Some success was forthcom- 
ing with Eq. [1] and [4] relating to the NH;-H.O system. 

lor the constant pressure absorption cycle, and for 
given values of Vye , te, ts’, and ty , the equations given 
below enable the theoretical COP to be calculated 
rapidly with the assistance of the P-t-X chart giving 
enthalpy values: 

1 — 

(1 — 

185(1 — W,) 


Theor COP = 9 
Theor. CO] W,H, — — 601.5(1 — W,) 9 


temperature absorption cyele, 
,and ¢;, the COP 
can be obtained from similar equations: 
Aus) 
Xm) 
161.5(1 — Wy) 
W,Hs — H, + 691.501 — 
lor the range of initial concentrations from 0.40 to 
0.55, for values of ft; , fo , and ¢,’, between 80 and 100 F, 
and for values of t; up to 260 F, the values for the COP 
obtained from the simplified equations differ from 


W [S| 


For the constant 
for given values of Xg,, (= 


[10] 


Theor. COP = 


values obtained from Eqs. [1] and [4] by about 2 per 
cent or less; the best agreement being obtained in the 
middle of the range. 


Effect of Variation in Initial Concentration 


As NX, increases the COP increases (see Figs. 3 
and 4). This is due to the fact that for a constant value 
for the temperature of condensation (f;’) the tempera- 
ture of the solution at which distillation commences 
(t;) becomes less as Np, inereases. This results in a 
greater weight of distillate for the same maximum 
solution temperature, 4;, with the consequent produc- 
tion of more cooling. 

The increase in COP is maintained with increasing 
NX; till Xx; reaches the optimum value at which for a 
given initial temperature, ¢,, the vapour pressure of 
the solution, ?;, is equal to the vapour pressure of 
the liquid refrigerant at the maximum value of the 
temperature at which heat is abstracted. For example, 
in the NH,-H.O system, when the maximum tempera- 


ture at which heat is abstracted ¢,/ = 32 F, and the 
initial temperature of the solution is 80 F, the value 
of the initial concentration corresponds to values of 
the initial temperature and pressure of 80 F, and 62.3 
psi respectively, and is approximately equal to 0.55. 

This consideration is critical in determining the 
value of the initial concentration for the different pos- 
sible applications of the intermittent vapour absorp- 
tion eyele, e.g., food preservation, air conditioning, 


etc. 


EXPERIMENTAL PROCEDURE 

The main details of the experimental refrigerator 
are shown diagrammatically in Fig. 1. The actual re- 
frigerator is shown in Fig. 5 where two more details 
are visible: the knife-edge in the middle of the absorp- 
tion pipe, and the balance arm. 

lig. 6 shows the rest of the experimental rig. The 
tank farthest away contained heating oil and was pro- 
vided with two immersion heaters, 4 kw and 2 kw. 
It was possible to measure the power supplied to these 


Fic. 5—Experimental Refrigerator. 


Fic. 6—Test Rig, Showing Heating Tank (farthest away), 
Cooling Tanks and Instrument Shelf. 
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Fic. 7—Regeneration Stage in Progress; NH;-LiNO; Tests. 


heaters, and also to vary the heating rate. The remain- 
ing two tanks were cooling tanks containing water. 

lig. 7 shows the regeneration phase of a test with 
NH,-LiNQO; in progress. The experimental refrigerator 
was supported on a knife-edge with the generator- 
absorber in the heating tank and the condenser- 
evaporator in a cooling tank. The knife-edge rested on a 
hardened pad fixed to the crossbeam of the stand. At 
the commencement of regeneration valve B (Fig. 1) 
was opened and the balance arm (lig. 7) was made 
roughly horizontal by adding (or taking away) weights. 
As heating progressed vapour was conveyed through 
the narrow distillation pipe connecting the two vessels, 
and as distillation took place the refrigerator swung on 
the knife-edge, the movement of the pointer at the end 
of the balance arm indicating the weight of the dis- 
tillate. The oil bath was used for maximum solution 
temperatures up to 220 IF: for higher temperatures the 
generator-absorber was heated by a gas flame from a 
bunsen burner. 

lig. 8 shows refrigeration taking place with frost 
forming round the condenser-evaporator. During this 
part of the cycle valve B (Fig. 1) was closed, and va- 


pour passed from the condenser-evaporator to the gen- 
erator-absorber through the absorption pipe and 
bubbled through the solution in the generator-absorber. 
The generator-absorber was cooled by immersion in a 


tank containing water. During this stage the movement 
of the pointer indicated the weight of absorbent. 

The use of this rig enabled the following observa- 
tions to be made during regeneration: temperature of 
oil-bath (&), power input to immersion heaters, 
temperature of solution inside the generator-absorber 
(t), temperature of distillate (¢’), temperature of 
condenser-evaporator cooling water, pressure in re- 
frigerator, and mass of distillate. 

During refrigeration it was possible to observe the 
temperature of the distillate, the temperature of the 
solution in the generator-absorber, the temperature of 


Fie 8—Refrigeration Stage in Progress. 


the generator-absorber bath, the pressure in the re- 
frigerator, and the mass of absorbate. 

The temperature of the solution and the tempera- 
ture of the distillate during the cycle were measured 
by means of thermocouples the hot junctions of which 
were at the end of tubes inserted into and in good ther- 
mal contact with the solution and the distillate. The 
temperature of the oil-bath and the cooling water 
tanks were measured directly by thermometers, the 
readings being taken after stirring. 


EXPERIMENTAL RESULTS: AMIMONTA- 
WATER SYSTEM 
The Actual Cycle 


Six tests were performed (X,; = 0.48) with maxi- 
mum solution temperatures of 180, 200, 220, 237, 
255, and 274 IF. The temperature of the condenser 
cooling water during regeneration and the temperature 
of the absorber cooling water during refrigeration were 
maintained at about 80 I. Fig. 9 shows the data for 
the test with maximum solution temperature 255 F: 
the trends of the various curves are typical of the other 
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Fic.9—Data from Test Number 5 (max. solution temp., ts = 255 
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F) for NH;-H.O System. Initial Mass of Solution = 5.39 Ib. 


TABLE 1 tesults of Tests for NH,-H,O System for Xz: = 0.48, and Comparison with Theoretical Values. Initial Weight 
of Solution 5.39 Ib. 


Regeneration 


Mean 
Heat to temp 
solution of ab 


age ot 


distillate 


tests. Relevant data and results from all the tests are 
presented in Table 1. 

The actual cycle, shown plotted in Fig. 10 as 1-7-8- 
9-1 together with the corresponding theoretical cycle, 
differed from the corresponding theoretical cycle in a 


few notable ways. 


Weight 


sorber sorbate 


Theoretical 


Refrigeration Actua! 
Constant temp. Constant press. 
absorption absorption 


15) 16) 17 18) 
Minimum 
temp. of 
Total Effective Effective Effective 
eff. cool cooling cooling cooling 
ing below per lb of COP | per lb of per lb of C 
32°F solution solution solution 
Btu Btu Btu 


Ob Calcu 
served lated > 

with no Btu 
vessel vessel 


13.5 | 11.5 240 5 0.287 60 301 
404 0.322) 94.: 356 


563 .5 10.352) 121.8 369 
686 0.374 
709 31.5 0.352 


S804 0.356 0.360 


First, the actual pressure at which distillation took 
place was greater than the theoretical pressure. This 
difference between the actual and theoretical pressures 
corresponds to the temperature difference between the 
condensing vapour and the cooling water. This tem- 
perature difference is necessary in order that the heat 
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2 200 183 0.385 78.6 0.85 0 1257 75 0.85 98 (0.397 
79.5 
2 220 184 0.335 80.8 1.23 2 1598 79 1.18 3.5 0.5 126 0.403 a 
82.2 
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5 255 203 0.270 80.5- 1.605 2.6 017 80 1.523-1 —-7.5 165 0.404 
S4.6 
6 274 201 | 0.223 | 79.5 1.81 2.2 2261 81 1.73 —6 —l4 (0.397 
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of condensation can be transferred to the cooling 
water. As a result the actual value of the final genera- 
tor concentration (Xx) was greater than the theoreti- 
cal value for the same value of ts (or i.e., 
the actual weight of distillate was less than the theo- 
retical quantity. It follows that the greater the rate of 
heating the less the actual weight of distillate obtained. 
Keith’ states that the rate of heating of the generator 
in the ‘leyball” refrigerator should not exceed a cer- 
tain value. The rate of heating of the solution in rela- 
tion to the area of condensing surface provided there- 


fore acquires considerable importance, and is discussed 


more fully in a subsequent section. 

Second, at the end of adiabatic cooling (process 
8-9) the vapour pressure of the distillate was 5-7 
psi greater than the vapour pressure of the absorbing 
solution. One of the reasons for this difference was 
probably poor mixing in the absorber. Included in this 
pressure difference was the pressure head, about 10-15 
in. water gauge, required to cause the NH; vapour to 
bubble through the solution. A consequence of this 
difference in pressure was that the actual minimum 
temperature of the distillate was greater than the 
theoretical value. The difference between the vapour 


pressures of the distillate and the solution gradually 
decreased during the subsequent process 9-1. 

Third, it was not found possible to prevent a small 
quantity of water from being transferred during re- 
generation to the condenser-evaporator. The rectifying 
section of the distillation pipe consisted of a vertical 
length of bare pipe. The heating rate was adjusted so 
that the temperature at the top of the pipe was about 
120 IF. The percentages of water in the distillate shown 
in column 7 of Table 1 indicated that either this simple 
form of rectifier did not function efficiently or water was 
carried over due to entrainment, since the narrow 
distillation pipe had no_ baffles. 

The presence of water in the distillate produces 
three effects. The first effect is to cause a reduction in 
the effective cooling. The water in the distillate has to 
be cooled during adiabatic cooling from the tempera- 
ture of condensation (f:’) to the highest temperature 
at which heat abstraction takes place, which was 32 F 
in these tests, and NH; has to be evaporated to achieve 
this. In the present series of tests however this par- 
ticular effect was negligibly small, and the more sig- 
nificant way in which effective cooling is reduced occurs 
towards the end of process 9-1. Distillate containing 
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Fic. 10—Actual Cycle for NH;-H2O System Compared with the Theoretical Cycle. 


a 
4 
Le 
61 
Iw 
“200 
- or 
= 
~ 
° — 
25 
-5 
9 


water is in reality a solution of high concentration in 
refrigerant. During process 9-1 (see Fig. 10), the re- 
frigerant concentration of the distillate decreases while 
the temperature of the distillate increases. These 
changes continue till the temperature of the distillate 
exceeds the highest temperature at which refrigeration 
is required to take place. Further evaporation of 
refrigerant does not provide ‘useful’ refrigeration. In 
the present series of tests the concentration of the 
distillate at which effective cooling below 32 F ceased 
Was approximately 0.74, corresponding to a pressure 
of about 44 psi, the vapour pressure of the absorbing 
solution at 80 F. Hence water in the distillate prevented 
effective cooling below 32 F being obtained from about 
3 times its own weight of NHs. 

A second consequence of water in the distillate is 
that at the cessation of absorption the cycle is not 
completed, and provision must be made to purge the 
residual solution in the condenser-evaporator back to 
the generator-absorber in order to return the solution 
to its original concentration. In these tests this was 
done by tilting the refrigerator. 

The third consequence of water in the distillate is 
that the minimum temperature of the distillate (¢’) is 
raised. The states of the distillate corresponding to 
the solution states in the actual evele are shown on 
the right in Fig. 10. There is no distillate in the con- 


denser-evaporator during the process 1-7. 


Actual Coeflicient of Performance 

In order to determine the actual COP two quan- 
tities need to be calculated from the data collected: Q, , 
the heat supplied to the solution, and Q. , the effective 
cooling produced. 

The heat supplied to the solution for f, up to 220 F 
was obtained by two methods. The first or ‘direct 
method’ was the evaluation of the expression 


Q, = WH; — + >> HW [12] 
Ws 

The values of Wy, and W, were obtained from the 
experimental observations, while values for H,, 
H,, and H, were obtained from the Kohloss and Scott 
chart. The third term on the right hand side was 
evaluated by a graphical method. The first step in 
this method was the drawing of a graph in which the 
pressure and the temperature of the solution were 
plotted against the mass of distillate. Thereafter the 
mean temperature and pressure for each increment of 
0.2 lb (or less) in the mass of the distillate was read 
off from the plot. The values of H, corresponding to 
these mean temperatures and pressures were taken 
from the Kohloss and Scott chart, and the required 

summation obtained. 
This method of obtaining Q, was approximate due 
to the action of the rectifying section. Though the top 


TABLE 2.—Comparison of the Values for Heat Supplied to 
Solution by Direct and Indirect Methods (NH;-H2O Tests) 


Heat Supplied to Solution [Btu 


Test No. Max. Sol. Temp. °F 
‘Indirect ‘Direct 
method’ method’ 
] 180 1026 1032 
2 200 1296 1354 
3 220 1703 1690 


of this air-cooled pipe was maintained at a temperature 
(i.e., at about 120 F) which should have made it pos- 
sible to effect virtually complete rectification, about 2 
per cent of the distillate was water. It was not certain 
whether this water was carried over due to entrain- 
ment or whether the rectifier did not function effi- 
ciently. It was not possible to estimate the reflux with 
any degree of exactitude and take it into account in 
evaluating the third term in Eq. [12], where dW is 
strictly the mass of vapour leaving the solution and 
not the mass of distillate. 

An approximate estimation for test 5 indicates that 
the real value of Q, is about 4 per cent greater than as 
caleulated from Eq. [12], and the actual COP (column 
14, Table 1) about one per cent less. This error will 
be less at lower maximum solution temperatures. 

A second method, termed the ‘indirect method,’ 
was also employed to estimate Q,. The heat capacity 
of the generator tank and contents and the heat loss 
from the generator tank for various temperature dif- 
ferences between the oil and atmosphere were deter- 
mined in a separate series of tests. During regeneration 
the energy input to the immersion heaters in the gener- 
ator tank were measured, and from these quantities 
(, was obtained by difference. 

The values of Q, obtained by the two methods is 
shown in Table 2. The agreement is rather closer than 
it should be as Q, calculated by the ‘direct method’ 
may be expected to be slightly less than that obtained 
by the ‘indirect method’. The agreement however is 
good enough to create confidence in the ‘indirect 
method’ which was later used to check the data of 
the NH,-LiNOs charts. 

In order to calculate the effective cooling produced 
it was first necessary to determine the weight of re- 
frigerant evaporated during adiabatic cooling. This 
was done by the trial-and-error solution of an equation 
similar to Eq. {2| for the conditions of the present cycle 
process 8-9. 

During the calculation it was assumed that the dif- 
ference in the vapour pressures of the distillate and the 
absorbing solution was 5 psi at state point 9. Also 
taken into account in the calculation was the effect of 
water in the distillate, namely, that of preventing 
effective cooling below 32 F being obtained from three 


times its own weight of NH; . 
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All the stated differences between the actual and 
theoretical cycles affect the COP but in different ways. 
The first difference, i.e., Xz for the actual cycle being 
greater than that for the theoretical cycle (Xx), 
would appear not to exercise much influence, since a 
smaller weight of distillate would waste less refrigerant 
during the adiabatic cooling process. The second dif- 
ference, the difference between the solution and dis- 


tillate vapour pressures at the end of adiabatic cooling, 
tends to increase the COP, while the presence of water 
in the distillate reduces it. The net effect of all these 
factors is seen in a comparison of columns 14 and 16, 
Table 1. The biggest difference between the theoretical 
and actual cycle is seen in the effective cooling produced 
per lb of initial mass of solution. 

Where the same vessel is used as condenser and 
evaporator both the effective cooling per lb of solution 
and the actual COP are materially reduced due to 
the heat capacity of the vessel. This is discussed more 
fully in the section dealing with the evaporator. 


Heating Rate and Condenser Performance 


The results of an attempt to relate condenser per- 


formance to the heating rate are shown in Table 3. 
Though the variation in the heating rate was not large 


TABLE 3. 
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Rate of Heat Supply 


TABLE 4. 


Regeneration 


Max Final Temp. of Heat 
Initial sol Max. ; Wt. of 
sol. condenser to absor 
Conc temp. press. dist. luti 
xX conc. Ib solution er 
“Al I Nas Btu 
F 


0.608 1017 SO 


1124 83-77 


0.627 


0.667 .25 1361 


83 


0.631 


865 80 


0.690 


Heating Rate and Condenser Performance (NH;-Ho2O tests). 


(5) 


enough to produce a distinct variation in some of the 
quantities (e.g., rate of distillation), some interesting 
trends can be discerned. 

The assumptions underlying these calculations were 
two in number, namely, that the vapour condensing in 
the condenser was pure NH,;, and that the ammonia 
vapour entered the condenser proper at the tempera- 
ture of condensation. There was justification for these 
assumptions as the top of the rectifying section of the 
distillation pipe was maintained at a temperature of 
about 120 F, and the mass of water in the distillate was 
less than about 23% . The vapour was cooled somewhat 
more in its subsequent passage through the rest of the 
insulated distillation pipe. 

The temperature difference (column 4) was there- 
fore obtained as the difference between the saturation 
temperature corresponding to the mean pressure of 
distillation and the temperature of the cooling water. 
The over-all coefficient of heat transfer was obtained 
from the heat rejected in the condenser which was the 
difference between the enthalpy of the vapour and the 
enthalpy of the distillate (column 5). 

An increase in the heating rate (column 3, Table 
resulted in a decrease in the over-all heat transfer co- 
efficient. However, the decrease was largely offset by 


3) 


6) 


(8 
Rate of Heat Supply 


Diff. between Actual 


Test Sol. dutine Actaal Oistile .Temp. Diff. between Overall Coeff. of Heat tion of Pure NHs, per | ¥*- of NHsz in Distillate per Ib of Solution per 
4 Condensing Vapour and Transfer for Condenser and Theoretical wt, per ft? of Condensing 
No. Temp. tion, Process 6-7, per |b Wate Btu/sa ft-hr-°F lb of Solution Ib of Soluti 
F of Solution Btu/ min X 10°!) lb/hr 
X 10-2) lb Btu/ psf-hr 
2 200 3.07 6.2 70.7 2.06 4.60 148.0 
3 220 2.93 5.8 73 1.915 3.10 140.5 
4 237 3.41 8.1 60 2.19 3.85 164 
5 255 3.73 10.5 49 2.29 4.15 179 
6 274 3.65 11.0 44.5 2.19 4.2 175 


Results of Tests for NH;-LiNO; System and Comparison with Theoretical Values. Initial Weight of Solution: 4.625 Ib 
(Tests 1 to 3) and 4.125 lb (Tests 4 and 5) 


Theoretical 


Refrigeration 
Constant press. 
absorpt ion 
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absorption 
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Weight distillate Effectis e Effex t ive Effex t ive 

or below per Ib of COP per. COP | per lb of COP 
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serve lated Btu Btu Btu 
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Btu 


0.437 108.5 0.460 
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0.353 74.5 0.375 


.366 107.5 0.394 
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the inerease in the temperature difference (column 4), 
so that a more rapid rate of heating did produce an 
increase in the rate of distillation (column 6). Yet 
the proportional increase in the rate of heating of the 
solution was greater than the proportional increase in 
the distillation rate. 

The rate of heat supply per Ib of solution per sq 
ft of condensing surface is a significant quantity as it 
determines the magnitude of the temperature dif- 
ference, and consequently the actual mass of distillate 


obtained. A 50 per cent increase in the heating rate per 


sq ft of condensing surface resulted in the temperature 
difference doubling with a consequent increase of about 
30 per cent in the amount by which the actual weight 
of distillate obtained was less than the theoretical 
maximum weight obtainable. 

In these tests the cooling water was stagnant for 
most of the period of regeneration. This method of 
cooling the condenser is of some significance for re- 
frigerators operated by solar energy, as it is possible 
that other sources of energy to drive pumps to circu- 
late cooling water may be either unavailable or un- 
economical to use. 

The rate at which heat was supplied in these ex- 
periments can be obtained from solar radiation with a 
moderate amount of concentration. Column 8 there- 
fore furnishes quite useful design data for a suitable 
condenser, and also makes possible the estimation of 
the actual effective cooling produced for a known rate 


of solar heat collection. 


EXPERIMENTAL RESULTS: AMIMONIA- 
LITHIUM NITRATE SYSTEM 


Extension of Data Charts 


Gensch"’ prepared three charts giving the data neces- 
sary to estimate the performance of a vapour absorp- 
tion refrigerator using NH;-LiNO,. The first was a 
P-t-X chart; the second gave values for the differential 
heat of evaporation; and the third values of the spe- 
cific heat of solution. Berestneff'’ has reviewed Gensch’s 
paper and reproduced Gensch’s charts. The range of 
concentrations covered by Gensch’s charts extended 
from X, = 0.58 to X, = 0.76. This range was inade- 
quate for the present series of tests which required a 
range from X, = 0.48 to X, = 0.70. The first stage 
of this investigation therefore consisted of an attempt 
to use such data as were available from the tests to 
extrapolate Gensch’s curves. 

The method employed closely followed Gensch’s 
own method and is described in Appendix II. Figs. 
11, 12, and 13 show respectively the P-t-X chart, the 
differential heat of evaporation chart, and the specific 
heat versus concentration chart for the required range 


of concentrations and pressure. 
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Fic. 11—Pressure-Temperature-Concentration Chart for NH;- 
LiNOs Solutions. 
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Fic. 12—Differential Heat of Evaporation for NH;-LiNOs 
Solutions. 


The Actual Cycle 

Five tests were performed. Three of these tests had 
X4, = 0.487, and maximum solution temperatures of 
209, 221.5, and 255 F. The remaining two tests had 
X4, = 0.545 and maximum solution temperatures of 
219 and 260 F. A summary of the results is presented in 
Table 4. Fig. 14 is a plot of the data for test number 2: 
the trend of the curves being similar to those obtained 
for the remaining tests. The actual cycle for the solu- 
tion is shown plotted in Fig. 15 as cycle 1-7-8-9-1 
together with the corresponding theoretical cycle 
1-3-4-6-1. 

The difference between the actual cycle and the 
theoretical cycle during the regeneration stage was 
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the same as that noticed for the NH;-H.O system, retical cycles. In the theoretical cycle, at the conclusion 


namely, that the actual pressure of distillation was of adiabatic cooling (process 4-6), the pressure of the 
greater than the theoretical pressure. The reason for absorbing solution is equal to the pressure of the dis- 
this difference and its effects have been discussed in tillate. However, at the end of process 8-9, in the ae- 


the previous section. tual cycle with NH;-LiNO;, the vapour pressure of the 
During the refrigeration stage there appeared to be distillate was 20-22 psi greater than the vapour pres- 
one important difference between the actual and theo- sure of the absorbing solution. This difference in pres- 
sure was apparently due to the viscosity of the NH3- 
0-74 LiNQO,; solution, and the poor mixing in the absorber. 
hg) The effect of this pressure difference was beneficial 
a in that it prevented the refrigerant (or distillate ) 
™/ being cooled to excessively low temperatures during 
i process 8-9. 
0-66 At the conclusion of process 8-9, the pressure of the 
‘ distillate was about 48 psi. Since the vapour pressure of 
the solution at state point 1 was 53 psi, the absorption 
* »rocess 9-1 for the distillate takes place at nearly con- 
I I 
w stant pressure. 
=x 
Actual Coefficient of Performance - 
3 3 rhe actual COP for values of és up to 220 F, was ob- 
Hie \ tained by two methods, a ‘direct method’ using the 
‘\ data charts (Figs. 11, 12, and 13), and an ‘indirect 
method’ based on a thermal balance of the heat sup- 
ae So 54 38 €2 6 To 74 plied to the bath from the immersion heaters, the 
CONCENTRATION Xq (pev cent LiNos) heat gain of the bath and contents, and the heat loss 
Fig 13—Specifie Heat of NH;-LiNO; Solutions. to the environment. 
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221.5°F) for the NH;-LiNO; System. Initial Mass of Solution = 4.625 Ib. 


Fic. 14— Data from Test Number 2 (max. solution temp., ts = 
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Fig. 15— Actual Cycle for NH;-LiNO; System Compared with 
the Theoretical Cycles. 


TaBLe 5.—Comparison of the Values of the Heat Supplied to 
Solution by Direct and Indirect Methods (NH;-LiNO; Tests) 


Heat Supplied to 
Solution [Btu 
Max. Sol 
Temp. 


‘Indirect ‘Direct 
method Method 


1017 993 
1195 1187 
826 SOO 


An example of the application of the direct method is 
given in Appendix I. The indirect method was essen- 
tially the same as that adopted for the NH;-H.O 
system. A comparison of the values calculated by the 
two methods is given in Table 5, and would appear to 
justify the proposal of Figs. 11, 12, and 13 as accurate 
enough for engineering use till better attested data are 
available. For values of t; > 220 F, 
method was used to obtain the heat to solution (Table 


The effective cooling was calculated on the basis that: 


only the direct 


all the distillate was pure NH;, and that there was no 
absorbent in the condenser-evaporator; that at the end 
of process 8-9 the vapour pressure of the distillate was 
20 psi greater than the vapour pressure of the absorb- 
ing solution; and that the temperature of the absorbing 
solution during the refrigeration stage was constant. 

Even though it reduces the effective cooling per lb 
of solution, the difference between the theoretical and 
actual cycle during regeneration, namely, that the 
actual distillation pressure is greater than the theoret- 
ical pressure, does not significantly affect the actual 


COP. On the contrary the difference between the 
vapour pressure of the distillate and the vapour pres- 
sure of the solution at the end of process 8-9 does have 
an appreciable effect on the COP, and is largely re- 
sponsible for the fact that the actual COP obtained 
exceeds the theoretical COP of the corresponding con- 
stant temperature absorption cycle. 


SOME CONSIDERATIONS IN EVAPORATOR 
DESIGN 

The actual effective cooling stated in Tables 1 and 
4 was determined after computing from Eq. [2] the 
weight of refrigerant evaporated during the adiabatic 
cooling process. When the same vessel serves as con- 
denser and evaporator, the actual effective cooling so 
calculated is a gross effect, and includes both the ‘avail- 
able cooling’ and the heat abstracted from the vessel 
during adiabatic cooling. It is only the ‘available cool- 
ing’ which produces any useful refrigeration outside 
the evaporator vessel. 

For test number 5 with the NH;-H:O system (ft, = 
255 F), if it be assumed that the evaporator containing 
the 1.605 lb of distillate were a spherical vessel of just 
enough capacity the available cooling is about 18 
Btu less than the gross effective cooling. This quantity 
of heat (18 Btu) is the heat abstracted from the vessel 
in cooling from 83 F (the temperature at the end of the 
regeneration stage) to 32 F (the highest temperature 
at which heat is usefully abstracted). Even though the 
vessel is cooled below 32 F during adiabatic cooling, 
the cooling effected below 32 F is recovered during the 
process following. 

Where the water equivalent of the containing vessel 
(W.) is known, the weight of refrigerant evaporated 
during adiabatic cooling may be directly determined 
from the equation 


E W,’ + — 
= 
+ Ly 


where c, = mean specific heat of liquid refrigerant, 
and the suffixes 4 and 5 relate to the states of refrigerant 
(distillate) before and after adiabatic cooling respec- 
tively in the constant pressure absorption cycle. 

Where the same vessel serves as condenser and evap- 
orator, the weight of that vessel will have to be a mini- 
mum in order to obtain the greatest possible amount 
of available cooling. However, this condition conflicts 
directly with the requirement that the heat transfer 
should be as large as possible in order to ensure effi- 
cient condenser and evaporator performance. A com- 
promise is therefore inevitable. 

The difference between the available cooling and the 
effective cooling can be reduced by separating the 
evaporator from the condenser. Ideally, if the evapor- 
ator in such a system can be perfectly insulated, then 
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the available cooling will be the same as the actual 
effective cooling. While this arrangement is not feasible 
for portable units, it is the form which will be adopted 
in refrigerators of larger capacity.’ 

The evaporator in the intermittent cycle refrigerator 
is intrinsically different from the evaporator in a re- 
frigerator working on the continuous cycle. In the lat- 
ter it is a continuous flow pipe system, whilst in the 
former it is a reservoir. Performance data for inter- 
mittent cycle evaporators of sound design are not 
available at present, and await the development of 
large capacity units. 


SUMMARY AND CONCLUSIONS 


1. For the NH;-H.O system simplified approximate 
expressions are stated for the calculation of the theo- 
retical COP, and also the theoretical effective cooling 
(Eqs. 8, 9, 10, and 11) for the intermittent vapour ab- 
sorption cycle. For the NH;-LiNO; system the data 
charts of Gensch have been extrapolated using methods 
similar to those employed by him (Figs. 11, 12, and 
13), and suitable expressions obtained to facilitate the 
valeulation of the theoretical COP (Eqs. 4 and 7, and 
Appendix 1). 

2. A systematic experimental study has been made 
of the cycle employing two binary systems—NH,-H.O 
and NH;-LiNO; with maximum solution temperatures 
up to about 270 F. Using solutions with an initial 
concentration of about 0.50, the effective cooling below 
32 F per lb of solution, and the actual COP have been 
obtained and compared with theoretical values (Tables 
1 and 4). 

lor both systems it was generally found that while 
the values of the actual COP were quite close to the 
values of the theoretical COP the actual cooling per 
lb of solution was 5-15 per cent less than the theoretical 
value. 

3. The difference between the theoretical effective 
cooling and the actual effective cooling depends upon 
the area of condensing surface provided for a particular 
rate of heat supply during regeneration. For a con- 
denser provided with stagnant cooling water Table 3 
provides a correlation between the over-all heat trans- 
fer coefficient in the condenser with the rate of heat 
supply per lb of solution per sq ft of condensing surface 
for the NH;-H.O system. 

4. Where the same vessel serves as both condenser 
and evaporator the ‘available cooling’ is less than the 
actual effective cooling because the vessel has to be 
cooled at the commencement of the refrigeration stage. 
This indicates that for larger units the condenser and 
evaporator will be separated. 

5. While the results of this investigation apply 
specifically to small refrigeration units working on the 
intermittent absorption cycle, they also indicate the 


kind of performance which may be expected from larger 
units. Suitable arrangements incorporating flat-plate 
solar heat collectors can therefore be expected to oper- 
ate as intermittent refrigerators with maximum solu- 
tion temperatures of 200 to 220 F, and values for the 
COP of about 0.30 for heat abstraction temperatures 
around 32 F. A small experimental unit of this type 
with a flat-plate collector 5 ft by 3 ft 6 in. is currently 
being tested by the author. 

6. There does not appear to be much to choose be- 
tween the merits of the two systems investigated from 
a thermodynamic viewpoint. With regard to the COP 
the NH;-LiNO; system would seem to be slightly 
better, while more refrigeration per lb of solution is 
possible with the NH;-H:O combination. 

In small units, e.g., portable refrigerators, where 
NH;-H.20 has already been used the NH;-LiINO; com- 
bination can be used with equal advantage. Problems 
such as absorbent migration which are likely to take 
place with solid absorbents for NH; (e.g., CaCl) 
do not arise since NH;-LiNO,; solution is a liquid. At 
present however, for large units the refrigerant ab- 
sorbent combination of NH;-H2O appears to be the 
most promising. 
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APPENDIX I 
Heat Supplied During the Regeneration Stage for 
NH, -LiNO, System 

Heat supplied ‘| Heat to solution 
during =| before actual dis- 

regeneration, Q, | tillation commences 

Heat to solution 
only during + 


distillation 


[Heat to vapour | 
only during 
distillation | 


Of the three terms on the right hand side of the 
equation it is only the second which presents some dif- 
ficulty in evaluation. The following method was de- 
vised to obtain an expression for this second term. 

A plot was constructed of the weight (I), tempera- 
ture (t), and the specific heat (c) against concentration 
(X,) for the actual distillation process 3-4 (Fig. 16). 
The change in the weight of the solution during this 
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Fic. 16—Plot of Data for the Calculation of Heat Supplied to 
Solution during Actual Distillation, Process 3-4 (Theo- 
retical Cyele) or Process 7-8 (Actual Cycle). 


process, W, — Wy, (ie., due to the evaporation of 
pure ammonia) was divided into a number of equal 


incremental changes 


= 6W = 8W,(= 


The corresponding change in the temperature of the 
solution during the change 6W’, in the weight of solu- 
tion was 6f, , while the mean specific heat during this 
change Was 

Hence 


Heat to solution during temp rise, 


W 


Heat to solution during temp rise 
Heat to solution during temp rise 
= (Wr, + + 
Heat to solution during temp rise 
= + 6W, + 
Adding and rearranging terms on the right hand side, 


Heat to solution during distillation only 


sti” n=p r=(p—l) n=r 
n n=l 


=] r=] 


Therefore for the constant temperature absorption 
cycle, 


Q. = 3 €3( bs to )| + WW 4 + Cm», bt, 


r=(p-—l) n=r n=p 
> ea, | + |= Ldn, aw, | 
1 


[14] 


r=1 


where Ld,,, is the mean differential heat of evaporation 
during the evaporation of 6W, lb of ammonia. 

A similar expression can be framed for the constant 
pressure absorption cycle (Eq. 3). 

When using this expression for the calculation of Q, 
in an actual test, it is generally more convenient to di- 
vide the change in weight during distillation (Ws — W,) 
into p ineremental changes in weight of which 
(p — 1) changes are all equal while the final change 
in weight (4W’,) is less, i.e., 


= 8W, = --- = 
= > BW, 


For the constant temperature absorption cycle, Eq. 
[14] becomes 


Q, = — &)] + +- Cm, Otp 


, 
>) 


n=l 


2) n=r 
Cm, tn 
n=l 


r=( p— 


Ld,,, + Ld, aw, | 


n=l 


The second and third terms on the right hand side 
(each enclosed within square brackets) representing 
respectively, the heat to solution and to vapour during 
distillation only, can be evaluated with facility by 
means of a table constructed from data read off from a 
plot similar to Fig. 16. This has been done in Table 6 
for test number 2 (Table 4) where X,4, = 0.487, 
W, = 4.625 lb, 4, = 80 F, & = 221.5 F. 

A similar plot to Fig. 16 was made with 6 incre- 
mental changes in weight during actual distillation so 
that 


= 6W. = --- = = 0.20 bb, 
and 6W. = 0.03 lb 


The corresponding values of 6¢ and ¢,, are entered in 
columns 3 and 4 respectively of Table 6. 

The values of Ld,,, corresponding to the mean value 
of the temperature (column 8) and the concentration 
(column 9) during each incremental change in weight 
are entered in column 10. 


t, 
= 
ts 
Ca 
VOL. 
5 
[15] 
r=1 
n=(p—1) 
16 


(1) (2) (3) (4) (5) (6) 


1 0.2 16 0.716 11.46 11.46 
2 0.2 15 0.698 10.47 21.93 
3 0.2 16 0.677 10.83 32.76 
4 0.2 15 0.654 9.81 42.57 
5 0.2 16.5 0.629 10.38 52.95 
6 0.03 3 0.613 1.84 


Hence 
Q. = [4.625 & 0.725 & (140-80)| + [3.610 & 1.84 
+ 3.725 & 52.95 + 0.2 * 108.72] + [697.4] 
= 1124.2 Btu. 


APPENDIX II 


Extension of Data Charts for NH,-LiNO,; System 


1. P-t-X Chart. Diihring’s Rule may be stated for 

NH;-LiNO; solutions of constant concentration as 
t= kt’ + ke [16] 
where 
t = Temperature of NH;-LiNOs; solution 
t’ = Temperature of pure NH; at the same pressure 
as the solution 

hk, = Diihring constant 
ko = Constant. 

The values of k; used by Gensch for the range of con- 
centrations (X,) from 0.60 to 0.76, and for the range 
of pressures from 6.27 kg/em* (89.2 psi) to 15.85 
kg/em* (225.4 psi) were obtained from Clapeyron’s 
equation (in kg-m-°C units) 


10’ xv X tfdP 
426 X La \dt 


where 
» = Specific volume of superheated vapour 
L, = Differential heat of evaporation 

Gensch’s values for La and ¢ were substituted in this 
equation together with values for v and dP/dt’ ob- 
tained from tables and chart for pure ammonia pre- 
pared by Kuprianoff” and used by Gensch. A suitable 
equation was sought by the method of least squares 
to correlate k, and X,, and the following obtained 

ky = 1.352 — 1.673X, + 2.0645X,” [18] 

This equation was used to obtain values of /, for 
values of XY, from 0.48 to 0.60. 

A Diihring plot was constructed for the range of 
X, from 0.48 to 0.68, and for a pressure range from 
100 psi to 220 psi, using Gensch’s data, the data col- 
lected from the present series of tests, and the values 
of k, determined above. Values of ¢/ and ¢ read _ off 


Prog. Total 
n btn Cmy, Cm, Zcm tn 


TaBLeE 6.—Calculation of Heat to Solution for Test Number 2 (Table 3), NH;-LiNO; System 


(7) (8) (9) (10) 11 
Prog. Total 
22cm tmean La Lab, 


11.46 148 0.498 636 127 .2 

33.39 168 0.521 652 130.4 

66.15 179.5 0.545 670 134.0 

108 .72 194 0.574 694 138.8 
210 0.605 724 144.8 

220 0.624 740 aa:2 


= 697. 


TaBLE 7.—Constants in Duhring Equation 
(NH;-LiNO; System) 


Concentration X 4 k k 


0.62 .108 116.95 
0.64 .127 127.6 
0.66 138.7 
0.68 .169 150.65 


from this chart enabled the value of /. for various con- 
centrations to be calculated. The values of and 
for various concentrations are given in Table 7. Eq. 
[16] together with ammonia tables and Table 7 enables 
the boiling temperature (¢) of NH -LiNOs solutions of 
known concentration and pressure to be determined. 
lig. 11 is a composite plot of values obtained from 
this equation and values from Gensch’s chart. 

2. Ly vs t Chart. Clapeyron’s equation was employed 


to obtain the differential heat of evaporation 


La = 0.185 Xv Xt xX ( ) Btu [19] 
ky dt 


t and ky were obtained from Eq. [16] and Table 7, 
and v, the specific volume of superheated vapour of 
pure NH;, from the B.S.I. Tables for ammonia.” 

The relation between saturation pressure (in kg/cm’) 
and saturation temperature (in °A’) for pure ammonia 
may be represented by 

1914.957 


27 39021 1 


3 20 
— 8.45983 logy T + 2.3931 10 (20) 
x T + 2.9552 x 10° 
whence 
dP oP) x d( 2.3026 logio P) 21] 


alt dt 


was obtained from Eq. [20], and after conversion to 
British units substituted in Eq. [19]. 
The values of the differential heat of evaporation 


= 
4 
4 
ee 0.48 1.025 52.45 
0.50 1.032 60.9 
0.52 1.040 69.6 
0.54 1.051 78.45 
0.56 1.063 87.5 
0.60 1.091 106.65 
‘ 
Le 
- 


obtained for the range of pressures 100 psi to 220 psi 
are given in Fig. 12. 

3. ¢ vs X Chart. Gensch has derived the following 
equation for a solution circuit consisting of a generator, 
an absorber and a heat exchanger in which 1 lb of NH; 
is evolved in the generator at P. and ft, and 1 |b of 
NH, is absorbed in the absorber at P, , ¢; , for the cir- 
culation of an infinitely large quantity of solution 


de 1 E La, — La, + He, — Ho, 

where ¢ = Specific heat of the solution at coneentra- 
tion VY, , and the other symbols have the usual mean- 
ing. 

Within the limited range of concentration and pres- 
sure for which the present charts are plotted it was 
found that 


1.124 


(1.124 — 


Substituting Gensch’s experimentally determined 
value for ¢ = 0.584 for XY, = 0.66, 


c = 1.124 — 0.818 X, [23] 


Iq. [23] has been plotted in Fig. 13. 

1. Accuracy o} the charts. The accuracy claimed for 
Gensch’s charts is 1-2 per cent. While it is perhaps not 
possible to claim the same accuracy for these exten- 
sions to his charts, reasonably good agreement was 
obtained between the values for Q, obtained by the 
‘direct’ and ‘indirect methods’ (Table 5 


The reliability of the ‘indirect method’ (heat bal- 
ance) has been confirmed by earlier tests with NH;- 
H.O. Till such time as better attested data are avail- 
able, Figs. 11, 12 and 13 are proposed for engineering 


use. 
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Current Developments in Pyrheliometric Techniques* 


By A. J. Drummond 


A review is presented of the principal objectives 
and problems associated with the measurement of 
the different components of solar radiation. The 
new universally accepted pyrheliometric standard 
of reference is discussed as are the more important 
instrumental requirements for local reproduc- 
tion, with high precision, of this international 
standard. Attention is directed towards the ac- 
curacy now attainable in integral and spectral 
wavelength radiation measurements, which is 
assuming increasing significance in view of the 
satellite, missile and other upper atmospheric 
projects currently in focus. 


INTRODUCTION 


No meteorologist will dispute that the various radia- 
tion fluxes to and from the earth’s surface constitute 
some of the most important terms in the heat economy 
of the earth as a planet and of any individual place at 
the earth’s surface or in the terrestrial atmosphere. In 
the general geophysical problem we are concerned with 
such questions as the latitudinal distribution of the 
different radiation fluxes with time and with altitude. 

On the one hand, an adequate knowledge of the solar 
radiation, of relatively short wavelength, reaching the 
ground is, perhaps, the most important single require- 
ment for a proper appreciation of physical climatology. 
On the other hand, the divergence aloft of the difference 
between the incoming and outgoing fluxes of long-wave 
atmospheric radiation, or the net radiation as it is 
usually termed, is directly related to the heating or 
cooling of the atmosphere. 

Another object of radiation research in meteorology 
is the study of the influence of the atmospheric gases 
(mainly water vapor, carbon dioxide, and ozone) and 
the scattering by their molecules and by particulate 
matter. Our interest in the attenuation of the solar 
beam in its traverse of the terrestrial atmosphere is 
wide. For example, the integrated terrestrial reflectance 
of solar radiation by ground and water surfaces, cloud 
decks and air, which we call the planetary albedo, is of 

* This paper was presented at the New York, September 
26-30, 1960, meeting of the Instrument Society of America 
(held jointly with the American Meteorological Society). 
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publish the paper. 
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prime significance since the determination of this 
characteristic provides us with a picture of the energy- 
scattering properties of the earth and her atmosphere 
as a whole, and with an assessment of a major term 
in the terrestrial thermal budget. Let us consider a 
different viewpoint. Suppose we attempt to explain the 
colorations of the twilight sky. We are then immedi- 
ately concerned with dust which has penetrated into 
the stratosphere and its distribution; forward scatter- 
ing by this dust ought to be measurable, through the 
employment of sufficiently sensitive pyrheliometric 
techniques. Measurements of this nature will reveal 
whether real variations in the high level dust exist. 

In dynamical meteorology and in weather prediction, 
at least theoretically, radiation plays a most important 
role. It has long been recognized that the radiation bal- 
ance of the atmosphere represents the dynamo without 
which the atmosphere would come to rest. Only the in- 
flux of heat in the tropics and the radiation emission at 
the poles keep the atmosphere in motion. However, at 
present, these influences on the temperature field, on 
the motion processes, and on cloudiness and precipita- 
tion are better understood qualitatively than quanti- 
tatively, which brings us to the subject of this session, 
namely, modern instrumentation in radiation meteorol- 
ogy and, in particular, to recent advances in techniques 
of pyrheliometric measurement. 

Until the commencement of the period immediately 
following the second World War, systematic observa- 
tion of the radiation fluxes, on any extended basis, had 
been seriously neglected with the result that in many 
applications in theoretical and dynamical meteorology, 
frequent recourse was necessary to assumed rather than 
measured quantities. At first sight, it is surprising that 
such should be the position as recently as only 15 years 
ago, especially when it is recalled that during the first 
three decades of the 20th century a very large number 
of radiation measuring instruments had been introduced 
and the relevant operational techniques elaborated. 
But, when we examine the philosophy in radiation 
meteorology, in retrospect, it becomes clear that these 
arly years of enthusiasm were characterized by an 
optimism which was not always supported by a proper 
physical concept of what was actually measured. In the 
course of time, increasing attention began to be paid to 
the more fundamental difficulties of solar and terrestrial 
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radiation measurement and to the magnitude of the 
errors inherent in the results. The first reaction to this 
was that scepticism arose as to whether data of the 
requisite reliability could be assembled without the 
effort 
This explains the lessening of interest in radiation meas- 


involved becoming prohibitively uneconomic. 


urement in the years immediately preceding the second 
World War. However, during the last 10 years or so, 
much attention has been devoted to placing knowledge 
of the physical principles of the instruments on more 
secure premises, to deriving better methods for the 
evaluation and presentation of the radiation data ob- 
tained, and to increasing the international co-ordination 
of these activities. At the same time, a more vigorous 
effort is being made to apply the results of such studies 
not only in meteorology but also in other scientific dis- 
ciplines. 

The content of this paper is directed towards summa- 
rizing some of the more important recent achievements 
in the instrumentation of pyrheliometry. 


THE STANDARD SCALE OF RADIATION 


Towards the end of the last century K. Angstrém,! in 
Sweden, introduced the first reliable pyrheliometer in- 
tended for the measurement of the intensity of the 
radiant energy emitted by the sun. About this time, 
in the United States, the Astrophysical Observatory of 
the Smithsonian Institution was beginning to concern 
itself, under the direction of the pioneer astrophysicist 
Langley, with the study of the solar constant. This 
work, carried on by Abbot and his collaborators for al- 
most half a century, and aimed at establishing the flux 
of energy and its possible variations, in free space, at the 
earth’s the 
classic. One of Abbot’s most significant contributions,? 


mean distance from sun, has become a 


in this respect, was his development of the silver disk 


pyrheliometer. This instrument and the Angstrém elec- 
trical compensation pyrheliometer have constituted the 


2.5 
22 


Corrected 
laboratory 


Smithsonian 


Uncorrected 
Angstrém 


1.0 
sun 
1.7 


Corrected J 
laboratory 


Smithsonian 


Corrected 
Smithsonian 


basic primary references to date for all pyrheliometric 
measurement programs. 

However, up to the commencement of the 
ternational Geophysical Year, in July 1957, 
obstacle was imposed upon the presentation of radiation 
data, in a co-ordinated manner throughout the coun- 
tries of the world, by the acceptance internationally of 
the dual pyrheliometric scales each of which was essen- 
tially embodied in the respective standard instrument. 

The main difficulty in establishing a relationship be- 
tween the two traditional scales has lain in the incon- 
sistency of their divergence as found by different work- 


third In- 
a severe 


ers and under varying conditions of exposure. At the 
International Radiation Conference, held at Davos 
(Switzerland) in September 1956, attempt was 
made to introduce a compromise the basis for which is 
summarized in Fig. 1. A detailed statement of the 
evidence (assembled over a period of about 30 years) in 


an 


support of the new radiation scale has been published.*: 4 
It is considered, by the International Radiation Com- 


° 
mission, that ‘“‘measurements on the uncorrected Ang- 


strém scale increased by 1.5 per cent will almost cer- 
tainly be within +1 per cent and may be within +0.5 
per cent of the best approximation which can at present 
be made of the true absolute scale of radiation”. This, 
of course, implies a correction of —2.0 per cent to the 
Smithsonian 1913 scale which, as mentioned above, has 
long been the reference standard for pyrheliometry in 
the United States and in certain other countries. 


STANDARD PYRHELIOMETERS 


One of the major problems in measuring the direct 
solar component is the divergence in the observations 
from pyrheliometers of different construction on ac- 
count of the circumsolar sky radiation and the geometry 
of the pyrheliometer tubes. It is clearly impossible to 
eliminate this sky radiation entirely because of the 
difficulty, in such an attempt, of defining the effective 


Smithsonian 
1913 


Corrected 
Potsdam Angstrom 
1.0 London (NPL) 
“ 0.5 


2.0 


Corrected 
Angstrom 
1.0 
Potsdam 
1.5 
¥ London (NPL) 


Fic. 1. Diagram Showing Relationship of Pyrheliometric Seales (in per cent). 
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solar disk. Computations’ have shown that the amount 
of circumsolar sky radiation, which enters the aperture 
of the pyrheliometers during measurements of solar 
radiation under average clear atmospheric conditions, is 
between 2 and 3 per cent in the Smithsonian and 
Angstrém (original model) instruments currently in 
use, and that the difference between the two types as 
regards sky radiation and instrument aperture amounts 
to about 0.5 per cent. 

The investigation of this small divergence, which is a 
function of solar elevation, station altitude and at- 
mospheric turbidity, is of little practical importance in 
meteorology generally. However, this is not the case 
when questions arise as to the fixation of the true scale 
of radiation,® with the sun as source, and of the need for 
the highest realizable accuracy in associated applica- 
tions such as the determination of the solar radiation 
fluxes in space and the evaluation of the efficiency of 
solar energy conversion power units in satellites and 
outer space vehicles, where marginal limits are signifi- 
cant. 

When the engineering aspects of maintaining solar 
alignment for ground-based observations are considered, 
it is doubtful whether a pyrheliometer can be con- 
structed, for universal use, which will reduce this cir- 
cumsolar sky correction to absolute values as low as 
0.5 per cent for average cloud-free conditions as ob- 
served at normal level sites. 

Laboratory investigation of the relationship between 
the several radiation scales (including that of the U.S. 
National Bureau of Standards, for low radiant flux 
density), currently being undertaken at the Eppley 
Laboratory, should materially assist in the design of 
improved standard radiometers intended, specifically, 
for the reproduction of the radiation references under 
highly controllable conditions indoors. 

With regard to the instrumentation for use in natural 
exposures, the International Radiation Commission has 
recently attempted to bring a measure of standardiza- 
tion into the geometry of normal incidence pyrheliome- 
ters’ and advocates that “pyrheliometers constructed in 
future should have an angle of slope not less than 1° 
and not greater than 2° (1° S Z, S 2°) and a ratio of 
distance between receiver and limiting aperture to 
These conditions imply that the opening angle (i.e., 
half aperture angle) must not be greater than 4° (Z) = 
tan-! R'l < 4°).” In the above, the following normal- 
ized parameters specify the aperture conditions of a 


radius of receiver equal to or greater than 15 (b 2 15). 


radiometer : 
Z, the opening angle = tan~! a/b 
Z, the slope angle = tan~! (a — 1)/b 
Z the limit angle = tan~! (a + 1) /b 
where a = R/r and b = I/r, in which R is the limiting 


aperture (radius), r the radius of the receiver, and / the 
distance between R and r. 

For the Smithsonian silver disk and the Eppley 
normal incidence pyrheliometer the appropriate angles 
are 


Smithsonian Eppley 
Zo 2.9° 
Zy 0.8 2.1 
Z 4.9 3.6 


The Angstrém pyrheliometer (as manufactured in 
Sweden) has a rectangular aperture with plane angles of 
6 and 24° in the original version and about 3.5 and 14° 
in a recently introduced model.* Relevant data for the 
Eppley pyrheliometer are included here as it has been 
shown (see below) that a new design of this well-known 
instrument is as dependable as either of the classical 
standard pyrheliometers provided that its sensitivity is 
checked periodically; in addition to being more con- 
venient to use, it can readily be operated continuously. 

The Angstrom compensation pyrheliometer serves as 
a means to compare two different heat fluxes, one being 
produced by the absorption of radiant energy (unknown 
in magnitude) by an exposed blackened metallic strip, 
and the other by a known amount of electrical heating 
in a second similar thin strip. This artificial heating is 
so regulated that the same temperature effect is pro- 
duced in both strips, as indicated by a differential 
thermoelement. It is not the purpose of the present 
review to criticize the theory of the instrument and 
the errors inherent mainly on account of internal con- 
vection effects.* * But it should be emphasized that this 
is the only pyrheliometer presently available, for routine 
use, which is capable of being employed in an absolute 
manner,® although it is practically always regarded as a 
secondary relative instrument of extremely high relia- 
bilitv. The principal improvements which have been 
introduced in recent years have been directed at mini- 
mizing the effects caused through inequality in the strip 
lengths heated naturally and artificially and through 
associated air convection within the instrument, and 
also by circumsolar sky radiation: this has been accom- 
plished by increasing the tube length and adjusting the 
diaphragm system inside the tube. Improvements in 
the observing technique have been realized through a 
simplification of the operational electrical circuitry of 
the pyrheliometer, enabling a more rapid observing se- 
quence to be attained, and provision (by the Eppley 
Laboratory) of potentiometric controlled auxiliary d.-c. 
instrumentation for realization, during the actual ob- 
serving period, of an accuracy of 0.1 per cent in the de- 
termination of the electrical compensation current (The 
radiation intensity is a function of the square of this 
current). 

In the case of the Abbot silver disk pyrheliometer, 
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which is based on the early instrument of Pouillet, the 
radiation intensity is derived from a measurement of 
the rise of temperature of a somewhat massive black- 
ened silver receiver during a specific exposure period, 
adjusted through the application of certain thermo- 
metric corrections relating to stem graduation, mean 
bulb temperature when the receiver is exposed to 
radiation, and ambient air temperature. This pyrheliom- 
eter cannot be used absolutely; it is calibrated, basic- 
ally, by reference to a calorimeter (i.e., the Smithsonian 
water-flow pyrheliometer™: |!) with the sun as source. 
Operation of the silver disk pyrheliometer, even with 
the aid of an audio timer (e.g., a seconds pendulum), 
can be very tedious as well as imposing high demands 
upon personal observational skill. Attempts have there- 
fore been made,'? in recent years, to incorporate such 
modifications as (a) an automatic shutter for control 
of solar exposure of the disk, (b) a simplified heating 
and cooling timing sequence and (c) an improved 
method of reading the pyrheliometer thermometer. 
However, careful comparisons with original type in- 
struments have not indicated any appreciable improve- 
ment in the reproducibility of observations obtained 
with this design of pyrheliometer, either through auto- 
matically regulating the exposure or by thermocouple 
determination of the temperature of the disk. 

Tables 1-3 illustrate the precision which is now at- 
tainable with working standard pyrheliometers. 


Standard 
Davos! 


Working 
1959, 


Comparison of National 


TABLE | 
Pyrheliometers; 18 August 


Angstrom 


Davos, Léopol Decks. 


Belgium 


Newport, 
Switzer ville, USA 


land 


8.18, 
A.C.51 
0.999 


Pyrheliometer A.158 : 8.1.11 A.162, 
nos. A.518 
Radiation in 1.000 0.999 1.002 
tensity (rela 
tive to Stock 
holm 


Pyrheliometers nos. A.158, 162 and 210 are the original 
Swedish Angstrom type; no. 518 is the new long tube instru- 
ment; nos. 8.1.8 and 11 are specimens of the Smithsonian 
version of the pyrheliometer; and no. A.C.51 is a secondary 
thermopile pyrheliometer The values tabulated represent 
the mean. in each instance, of five sets of observations over 
15-min intervals 


TABLE 2.—Comparison of Abbot Silver Disk Pyrheliometers; 
7-13 May 1957, Table Mountain (California) * 


U.S 


Smithsonian Air Force 


8.1.13 


0.997 


S.1.95 
0.998 


8.1.5 


1.000 


Pyrheliometer nos. 
tadiation intensity rela 
tive to 8.1.5 
Pyrheliometers nos. 3.1.5, 13 and 73 are standard-type 
instruments; no. 95 incorporates an automatic shutter. 
The above results refer to means of five sets each of 30-min 
duration 


TaBLeE 3.—Comparison of Angstrém Pyrheliometers Nos. 
162 and 518; 7 July 1960, Newport 


A.162 A.518 


R strip Lstrip | R strip L strip 


(1) 10:39-52 E.D.S.T. 
Mean i (amp) .2973 | .2963 | .2878 | .2882 
. 2968 2880 
i? 


I = Ki? (cal min“) 1.265 1.266 q 
10:53-11:33 E.D.S.T. 
Mean i (amp) .2969 .2956 | .2896  .2851 
. 2963 .2873 
i? .O878 .0826 
I = Ki? (cal em? min“) 1.261 1.259 
Mean A.162/A.518 (1) 0.999 
(2) 1.002/ -0005 
General notes: The altitude of the Davos site is approxi- 
mately 6,000 ft, that of Table Mountain 7,500 and that of 
Newport close to sea level. The mean radiation intensities 
during the comparisons reported above were Davos, 1.31; 
Table Mountain, 1.43; and Newport 1.26 cal em™? min“. 
TaBLE 4.—Temperature Dependence of New Radiometer 
(Pyranometer) Sensitivity 
Temperature (°C) 
+50 +40 +30 +20 +10 
Radiometer 
no. 3942 
Deviation 
of sensi 
tivity 
from +20 
C value 
(%) +0.4+0.3+0.1 0 |—0.2 —0.3 —0.2 +0.2+0.8 
Radiometer 
no. 3996 
Deviation 
of sensi- 
tivity 
from +20 
C value 
0 +0.1+4+0.1 0 0 


SECONDARY PYRHELIOMETERS AND 
PY RANOMETERS 


The principal function of the standard type of pyr- 
heliometer is to provide a pyrheliometric reference, 
preferably realizable through the maintenance of a group 
of, say, three or four specimens. For example, at the 
Eppley Laboratory, the present primary group com- 
prises three Angstrém (two original and one with long 
tube) pyrheliometers and one Abbot pyrheliometer. 
For the routine calibration of simpler pyrheliometers 


and pyranometers (i.e., pyrheliometers with a 180° 
aperture, mainly intended for the measurement of the Pa 
total radiation from sun and sky received by a hori- if 
zontal surface) a secondary standard pyrheliometer or rt 
pyranometer is frequently employed. Such instruments ‘ 
are the recently improved Eppley normal incidence x 
pyrheliometer and the new high-precision spectral a 
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radiometer (i.e., a pyranometer for the measurement of 
solar radiation either wavelength integrally or contained 
within well-defined spectral regions).'* Both models 
utilize a new type of thermopile detector of proven 
high stability. Very nearly perfect compensation of 
instrumental sensitivity for variation of ambient tem- 
perature over a range of about 80 C is accomplished 
with the aid of a specially matched thermistor-resistor 
circuit. The figures in Table 4 demonstrate how the 
sensitivity-temperature relationship can be normalized. 
The pyranometer model further incorporates optical 
compensation of the Lambert cosine error effect, so 
that the instrument response is practically independent 
of solar azimuth and elevation. 

Calibrations of the new type Eppley pyrheliometer 
no. 3553 and pyranometer no. 3552, undertaken in 
March and July 1960 with respective ambient tempera- 
tures of 0 C and 25 C, approximately, and solar eleva- 
tions ranging from about 30 to 70°, confirmed the ex- 
perimental results quoted above: the agreement of the 
two pyrheliometer sensitivity determinations was 
1.000 + 0.003 and that of the two pyranometer checks 
was 1.004 + 0.004. 

This pyranometer is readily adaptable, in a differen- 
tial arrangement, for the continuous measurement of 
total solar ultraviolet radiation.” It has also been flown 
at altitudes approaching 50,000 ft, in a Boeing 707 jet 
aircraft; amongst this series of measurements (18 Au- 
gust 1959) were filter measurements of the incoming 
and outgoing (reflected) short-wave radiation and of 
the outgoing long-wave terrestrial radiation (through a 
transmitting hemispherical envelope of KRS-5). 

An important aspect of the research program at the 
Kppley Laboratory, in recent years, has been an ex- 
tensive investigation into the characteristics of colored 
glass filters;'® the dependence upon ambient tem- 
perature of the lower sharp wavelength cutoff and of 
transmission in the main region of the filters has been 
studied. 

The problems involved in accurate automatic regis- 
tration of the diffuse sky component of solar radiation 
have now been largely resolved; techniques employing 
receivers with shadow bands are better secured as a 
result of an improved knowledge of the hemispherical 
distribution of this scattered energy." 

In view of the increasing importance of radiation 
measurements at great altitudes, special attention is 


currently being devoted, at Newport, to examining the 
performance characteristics of radiant energy de- 
tectors, commercially available, under conditions of 
temperature, pressure and radiant flux density simu- 
lating, in the laboratory, real atmospheres.” Of special 
interest is the development of an empirical equation 
(valid for all types of thermopile and all pressure levels 
investigated) enabling any desired response time of a 
specified detector to be computed from a single meas- 
urement made at the pressure level in question.?! It 
should be emphasized, in this connection, that the com- 
puted values for the periods corresponding to nearly 
100 per cent signal are, generally, more accurate than 
direct measurements. 
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The objective of the present research program is 
to develop a lightweight solar concentrator that 
will provide sufficient solar energy for space 
vehicle power conversion equipment. Solutions to 
processing problems such as tooling and parting 
of the lightweight replica mirror are discussed. 
Solar test data are furnished for performance 
evaluation. It was found that a 36 inch diameter 
mirror weighing 2.9 Ib (.410 psf) has the capability 
of providing sufficient energy for a 15 watt thermi- 
onic generator. These developments demonstrate 
feasibility of supplying highly concentrated solar 
heat with lightweight concentrators. 


INTRODUCTION 
Lightweight and accurate solar concentrators are 
necessary components of some systems for using the 
solar heat available in space. Although efficient heat-to- 
electricity converters are also required, the scope of 
this paper is limited to the solar concentrator. Support- 
ing structure and orientation devices are not discussed. 
Theoretical studies! point out the importance of op- 
tical surface finish and of concentrator accuracy. Prac- 
tical requirements pose definite questions such as: How 
much heat can actually be concentrated on a small 
focal area? How heavy does a mirror have to be to per- 
form properly after being shipped by truck, man- 
handled, and blasted off by rockets? To answer these 
questions, a program was initiated to make replica mir- 
rors and to determine their performance by tests. The 
results obtained in the first six months of the program 
are reported in this paper. 
OBJECTIVE 
The concentrator was designed to supply heat at 
3140 F to a thermionic generator.? The generator has a 
0.465 sq in. heat absorber area. It requires 440 watts of 
heat flux to strike the absorber. A concentrator meeting 
these requirements would also be more than adequate 
for operating thermoelectric generators. The following 
design goals were established: 
1. Weight of 0.2 psf. This weight was calculated from 
knowledge of the properties of aircraft sandwich 


materials. 


2. Mirror concentration efficiency of 70. This 
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efficiency was considered to be reasonable based on 
known searchlight mirror efficiency of 75-85“. 

3. Area concentration ratio of 1500/1. This concen- 
tration seemed readily attainable with paraboloidal 
mirrors, since searchlight mirrors have concentra- 
tion ratios as high as 25000/1. 

4. Ability to withstand 8 G acceleration. This accel- 
eration synthesizes the loads anticipated during 
launch conditions. 

The objectives were limited to goals attainable with 

minimum material and process development. 


DEVELOPMENT PROGRAM 


Fresnel lenses and reflectors, parabolic cylinders, 
truncated cones, spherical mirrors, and paraboloids of 
revolution were considered. A paraboloidal mirror was 
the only shape that could produce the required concen- 
tration ratio of 1500 to 1. The optical quality of para- 
boloidal searchlight mirrors was considered acceptable 
based on test data, but the mirrors were too heavy. It 
was decided to make lightweight copies of these re- 
flectors which would have the required accuracy with- 
out the weight of the original. The original was a 36 in. 
diam. Navy searchlight mirror with a 14,;°¢ in. focal 
length. Honeycomb sandwich construction was selected 
because it is a rigid structure with low unit weight. 
Short development time was possible because of previ- 
ous aircraft experience with honeycomb. The finished 
mirror, developed in six months, is shown in Fig. 1. 
Inflated and foamed shapes were considered but not 
used because they cannot be held to precise contours.’ 

A convex tool was made from the original concave 
mirror. First a parting agent was selected for separating 
the tool from the mirror. Conventional mold releases 
and sheet films were tried. ‘“‘Simonize”’ auto wax was 
used as the parting agent for the 36 in. diam specimen 
reported here. The finished part was cured at 250 F to 
provide dimensional stability for long-time operation at 
150 F. High curing temperature (accelerated aging) was 
one of the criteria for material selection. The cured 
materials also had to result in an optically smooth first 
surface. 

The convex tool was ‘“‘Simonized”’ and rubbed to a 
high gloss. A film of epoxy resin was spread onto the 
tool. The wet resin-coated tool was enclosed in a trans- 
parent vacuum bag and smoothed until it was appar- 
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Fig. 1—Lightweight Solar Concentrator. 


ently uniformly covered with resin as determined by 
uniformity in color. Thickness was controlled to ap- 
proximately one-sixteenth of an inch. After the resin 
was cured and the vacuum bag removed, a 2-mil fiber- 
glass cloth was impregnated with epoxy and placed on 
the cured film. Honeycomb was laid on this wet fiber- 
glass cloth. A second layer of impregnated fiberglass 
cloth was placed on top of the honeycomb to form a 
sandwich. A bag was placed over the assembly and a 
3 psi effective pressure applied by partially evacuating 
the bag. The entire mirror assembly was then cured at 
250 F. After curing, the replica was removed from the 
convex tool. 

Research is continuing with vapor-deposited silver- 
mold release films on mirrors of various diameters. This 
method was used by Erbe and Haas‘ for a 7-in. diam 
solid epoxy mirror. 

Several 36-in. diam honeycomb sandwich paraboloids 
were made and the best was selected for efficiency tests. 
This paraboloid was given a reflective first surface by 
applying a coat of aluminum in a vacuum chamber. A 
silicon oxide coating was deposited on the aluminum 
for protection of the reflective surface. A glass plate 
was aluminum-coated at the same time for purposes of 
quality control. Reflectivity of the coated glass was 
about 90 per cent at three different wavelengths within 
the visible spectrum. 

Three problem areas were explored: surface, shape 
and weight. About ten per cent of the honeycomb mirror 
surface was spoiled by waviness due to first surface 
resin shrinkage. The amplitude of these waves was 


approximately 0.0001 in. These aberrations followed 
the honeycomb cell wall pattern. 

A second problem was forming the honeycomb over 
the compound curvature of the tool without crushing 
the honeycomb. This problem could be solved in any of 
three ways: (1) contour machining; (2) using honey- 
comb with corrugated cell walls; and (3) slitting the 
cell walls of standard honeycomb. Contouring would 
have been too expensive. Corrugated cell wall honey- 
comb was too heavy. Slitted standard aluminum honey- 
comb was used. Three dimensional flexibility was 
achieved by slitting the honeycomb cell walls. This not 
only provided flexibility but also reduced the weight by 
removing material. The slitting operation was per- 
formed with the cell walls in a collapsed condition, as 
shown in Fig. 2. The honeycomb cells were then ex- 
panded by a stretching operation. The expanded, 
slitted honeycomb followed the shape of the convex tool 
in a satisfactory manner. 

The third problem area was the achievement of the 
0.2 psf design goal. Actual weights and ultimate goals 
are shown in Table 1. 


Fic. 2—Preparation of Flexible Honeycomb. Slitting of cell 


walls with bandsaw. 


TABLE 1.—Weight Analysis 


Actual Weights Ultimate Goals 


Description Material psf 

Films Al and SiO Negligible Negligible 

Substrate Resin 285 130 

Skin Fiberglass -010 

Core Al honeycomb O80 .050 

Skin Fiberglass 
Subtotal without substrate .125 O70 

.410 .200psf 
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The weight of the completed paraboloid shown in Fig. 
1, having a ;' in. thick substrate is 410 psf. This mirror 
has a substrate thicker than necessary. The design ob- 
jectives of 0.2 psf can be attained by reducing the sub- 
strate thickness, enlarging the slits in the honeycomb, 
and minimizing the amount of bonding resin. 

TEST PROGRAM 

A program was planned to provide useful engineering 
data by direct measurement. The colorimeter test setup 
is shown in Fig. 3. Solar energy intercepted by the mir- 
ror was calculated as the product of the effective mirror 
area times the normal-direct radiation intensity meas- 
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Calorimeter Test Setup for Evaluating Performance of 
Solar Concentrators 
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Fic. 4—Location of Focus Along Optical Axis. 
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220 w/t 
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Fic. 5—Solar Power Collected at Focus. 


ured by an Eppley pyrheliometer. Masks with four 
different size holes were employed to vary the effective 
mirror diameter. The mirror to be tested was installed 
in an equatorial mount. The mirror was made to track 
the sun by rotating about the polar axis at a rate of one 
revolution per 24 hours. 

Heat delivered to the focus was measured by the 
temperature rise of water flowing through a calorimeter. 
The calorimeter was a cavity type unit described by 
Glaser It had double walls, the outer walls protecting 
the cavity from stray heat inputs. The flow of water 
through the calorimeter was maintained constant by 
means of an overflow tank. Lron-constantan thermo- 
couples were used for measuring the water temperature 
rise. These were calibrated prior to the test. Calorimeter 
iris openings of 3, 3, } and Lp in. in diam were used to 
vary absorber diameter. Axial distances of the calorim- 
eter from the apex of the paraboloid were measured with 
a scale placed through a hole in the paraboloid. 

During the first series of tests the focus was located 
by scanning along the optical axis. The scanning pro- 
duced curves of heat flux versus calorimeter location 
(Fig. 4). The focus was found at 14% in. from the apex. 
This is within ;% in. from the focal length of the 
original searchlight mirror. All data were standardized 
to the mean sea level solar radiation intensity of a 45 
degree earth latitude, that is, one g-cal per sq cm, per 
min (one Langley). Solar radiation is twice as intense 
at satellite altitudes. Therefore in space applications the 
heat flux values from Fig. 4 must be doubled. 

During the next tests, the combined effects of vary- 
ing mirror diameter and varying absorber area were 
determined. The calorimeter was located at the focus, 
14§ in. from the apex of the paraboloid. The effective 
mirror diam was varied with masks of 36, 30, 24, and 
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18-in. openings. The intercepted radiation varied as 
shown in Fig. 5. These results can be used directly as 
illustrated with the following example. A required heat 
flux of 220 watts per Langley and an absorber area of 
0.465 sq in. necessitates a mirror diam of 35 in. 

The data can be generalized by expressing them in 
terms of dimensionless parameters such as collection 
efficiency and concentration ratio. The collection effi- 
ciency is defined as the ratio of heat absorbed to inter- 
cepted solar radiation. The concentrator-to-absorber 
area ratio was also calculated on the basis of actual 
areas. The effective mirror area was 7D?/4 less the 
shadow of the calorimeter and of its supporting struc- 
ture. The shadow varied from 0.40 to 0.58 sq ft for 
diam varying from 18 to 36 in. This variation was due 
to the increased length of the supporting structure. The 
collection efficiency is plotted on Fig. 6 against concen- 
tration ratio. Mirror diam-to-focal length ratios (D/f) 
are noted on the Figure. Maximum efficiency of 72% 
occurred at 310 to 1 area ratio and for D f = 1.70. Ata 
concentration ratio of 1500 to 1, typical for thermionic 
applications, the maximum efficiency was 62°. The 
reason for lower efficiency at higher concentration ratios 
is because the calorimeter aperture was smaller than 
the actual focal area. It is interesting to note that vary- 
ing mirror diam does not cause a large change in effi- 
ciency, indicated by all four curves being close together. 
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Fic. 6—Solar Concentrator Efficiency. 
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Mirror Structural Test. 


TaBLE 2—Thermal Data 


Thermal inertia of mirror substrate 
surface 

Thermal inertia of black surface 

Solar absorptivity of mirror surface 

Thermal emissivity of mirror surface 

Thermal emissivity of black surface 

Thermal conductance through }” honey- 
comb 


0.400 Btu/°F-ft? 
0.008 Btu/°F-ft? 
10% of black body 
2% of black body 
18% of black body 


6 Btu/hr 
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Fic. 8—Mirror Temperatures in Space. 


The results are consistent and reproducible within 
+2. Therefore this direct method is satisfactory for 
testing solar mirrors. 

A test was also run to determine residual effects of a 
simulated launch acceleration load of 8 G on mirror 
shape. A static load was applied by partially filling the 
paraboloid with water. The periphery was supported, 
as shown in Fig. 7a. The deflection was measured and 
is plotted in Fig. 7b. With the weight of water equal to 
8 times the weight of the mirror, the deflection was 
only 0.006 in. When the water was removed the deflec- 
tion vanished. This indicated that the load did not ex- 
ceed elastic limits of the mirror. 


ENVIRONMENTAL EFFECTS 


The authors performed no environmental tests. Ma- 
terials in a space environment were evaluated on the 
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basis of published information. Temperature effects 
have been studied only by analysis. 

Lightweight sandwich mirrors might be expected 
to have a rather violent thermal behavior in space be- 
cause of their low thermal inertia. Thermal inertia and 
other data pertinent to a 0.175 psf mirror are tabulated 
in Table 2. On any earth satellite, there will be inevita- 
ble periods of darkness. Entering earth shadow results 
in steep temperature drops, as shown in Fig. 8. Calcula- 
tions indicate that a satellite orbit having 35 min 
shadow time and 55 min of sunshine causes the mirror 
temperature to vary between —63 F and +144 F. The 
maximum temperature difference between front and 
back was found to be 6.5 F. The focus would move out- 
ward 0.14 in. with the 6.5 F temperature differential 
through the mirror thickness. It would move an addi- 
tional 0.04 in. under the temperature variations of the 
mirror surface between —63 F shadow and +144 F sun- 
shine conditions. Approximate compensation for this 
problem can be made by placing the solar absorber 14 
plus ;%¢ in. from the mirror. 

Plastics are somewhat affected by space environment. 
Preston and Wahl® have published the results of experi- 
mental studies on the influence of ultraviolet and vac- 
uum on structural plastics. They exposed samples of 
epoxy resin, “EPON 815”, for periods up to 500 hr, to 
ultraviolet and visible light in the 2000-6000 Angstrom 
range, to pressures in the order of 1 X 10-* mm hg 
and to temperatures up to 319 F. The weight loss by 
One half of 
this occurred in the first 24 hr. The tensile strength in 
bending dropped from 95,300 psi to 86,300 and the 
flexural modulus reduced from 3.7 to 3.5 X 10° psi. 


In this honeycomb mirror design, optical considerations 


sublimation and evaporation was 0.85. 


dictated the conservative structural design. Accord- 
ingly, strength reduction due to a space environment 
will not be harmful. 

It is estimated’ that 5 to 10 per cent random degrada- 


tion of the surface reflectivity will occur as a result of 
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micrometeorites. Smallest size micrometeorites will do 
the maximum optical damage because of the large 
number of them. The effect of meteorites of larger size 
is probably negligible. Optical damage due to solar 
protons and other cosmic particles will probably be 
negligible because they effect areas less than one-quar- 
ter wave-length in magnitude. 


CONCLUSIONS 


1. Solar concentrators weighing as little as 0.2 psf 
that are accurate and yet rugged can be made from 
aluminum honeycomb sandwich by replica techniques. 

2. For efficiency determination, test data rather than 
analysis is required. The calorimeter method of testing 
mirrors is suitable. 

3. Tests show that a mirror weighing 0.41 psf is 
capable of 1500 to 1 concentration with 62% efficiency. 

4. A 35-in. mirror weighing 2.9 lb is capable of sup- 
plying a thermionic generator with adequate heat in 
space to produce approximately 15 watts. 


5. Environmental effects on performance require 


further analysis. 
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A d-e motor integrator amplifier is described in 
which the motor speed is made proportional to the 
input signal; accumulated number of revolutions 
represents the integrated input. Application is 
made to integration of solar radiation, using an 
input from an Eppley pyrheliometer. 


INTRODUCTION 


Solar radiation data are usually reported and used in 
the form of hourly or daily integrated values. These in- 
tegrated data are usually obtained by graphical inte- 
gration of potentiometer-recorder radiation records. 
These methods are not completely satisfactory and are 
particularly uncertain on partly cloudy days. They re- 
quire relatively expensive potentiometer recorders 
which can, at additional expense, be provided with 
integrators (usually of the ball-and-dise mechanical 
type). This paper describes an instrument which can 
integrate the output of an Eppley pyrheliometer (or 
other radiation detection device) and record or indicate 
the integrated radiation at desired time intervals. 

Although analog integrators (e.g., wattmeters) have 
been in use for many years, they are still little used 
for continuous short-interval integration of natural 
phenomena. No inexpensive integrator is at this time 
available on the market; however, several integrators of 
various designs have been developed for specific pur- 
poses.': ? Table 1 gives a survey of some of the possible 
types of integrators which can be used with low-level 
electrical input. 

Classification of Integrators 

The electromechanical systems appear to be the 
simplest methods, and since wattmeters are being mass- 
produced and are quite accurate, they seem a logical 
choice. However, the standard type wattmeter is a 
high-level long-term integrator-multiplier not directly 
useable with low-level input from radiation detectors. 
For short interval use a direct read-out from the rotor 
dise is needed, and since the torque is low, a photoelec- 
tric or equivalent read-out is needed. Further require- 


ments are a regulated a.c. for the current coil and a linear 


* Solar Energy Laboratory, University of Wisconsin. 
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A Direct Current Motor Integrator for Radiation 
Measurements 


By P. Schoffer* and V. E. Suomit 


direct-coupled amplifier with reasonably constant out- 
put wave-shape. (In mass production the wattmeter 
would be custom made with the correct coils.) 

A d-c wattmeter and a d-c motor with a permanent 
magnetic field are also useable? but they too suffer from 
a lack of available torque and are expensive. A pure 
electrical system was also considered whereby a capaci- 
tor is charged and discharged at a rate controlled by 
the input as in analog computers. Here the problem of 
too much definition (with reasonable capacitor size and 
loss) makes frequency-divider circuits necessary. Also 
stable over-all feed back is difficult to obtain. 

A d-c motor-amplifier integrator, with rate feedback 
over the amplifier-motor combination, for 5 my or 
higher full-scale input, which can be built with stand- 
ard components, was chosen for this study. 

THEORY OF THE INTEGRATOR 

The integrator consists of a conventional chopper- 
amplifier driving a permanent field d-c motor with 
half-wave pulses. The other half-wave period is used 
for sampling the motor emf, and during this period the 
motor acts as a generator. The generated emf is atten- 
uated and subtracted from the input signal (degenera- 
tive feedback). The motor speed is thus made propor- 
tional to the input signal, and accumulated number of 
shaft revolutions represents the integrated input. 

Several other types of circuits were considered. With 
a balancing circuit it is possible to separate the emf 
from the motor input while the motor is being driven. 
However, the commutator resistance of a small motor 
is too variable to permit sufficient accuracy with this 
technique. A motor and rate feedback generator com- 
bination was considered too costly. 

Neglecting phase shifts, the following equation can 
be derived for relationship between motor emf and 
input voltage of the motor-amplifier arrangement: 


_ uG — IR 
1 + 6G 

Where: 
G = open loop gain of the amplifier 
e = motor emf 
IR = voltage over the internal resistance of the motor 
u = the input voltage to the amplifier 
8 = the feed-back ratio of e 
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Tas.ie 1.—Types of Integrators for Analog Input 


Example Integrates 


For Low level Electrical Input, 
Must be Used with: 


1. Mechanical, static a. Variable speed re- Ball & dise integr. Position Balancing type indicator/re- 
duction corder 
Mechanical, dynamic b. Switch + adder Digitizer-summer Position Balancing type indicator/re- 
corder 
2. Electro-mechanical a. a-¢ motor Wattmeter Power, I, V Amplifier 
b. d-e motor Low torque P.M.-motor Voltage Amplifier 
3. Electro-Chemical Electrolytic mass Electroplating Current Amplifier 
transter 
1. Electrical Current or voltage R-C network (analog Voltage, current Amplifier 
storage computers ) 
5. Thermal Thermal mass transfer Distillation Heat Amplifier-heater 


Then 


G Ih 
1+ 1 + 0G 
If G is large G (1 + 8G) will be practically constant and 
e will be proportional to u except for the second term, 
which will shift the e-w characteristic off zero. In addi- 
tion, 7 is variable because of torque variations with 
speed, making the e-w curve nonlinear near zero. The 
second term also varies with G. To eliminate this non- 
linear quality in e and thus in n, (assuming the motor 
speed n is proportional to e) an additive feed-back volt- 
age proportional to the motor current is used. This 
feedback is a IR (regenerative feed-back): 


G IR — IR 
1+ 6G 1 + 8G 
The second term will disappear if aG = 1 (1.e., if the 


output resistance is infinitely high). However, @ is 
variable causing drift in zero. To make the second term 
as small as possible and because there is a limit to d-c 
feed-back due to instability of the system at high feed- 
back ratios, a-c feed-back is also used: 


uG — IR+ aG IR — 6G IR 
1+ 86 + 6G 


= 


where 6 a.c. feed-back ratio. Or, in other words, the 
a-c open-loop gain is made more constant. There is re- 
maining drift in zero caused by variability of R, which 
is minimized by the d-e feedback. 


DESCRIPTION OF THE CIRCUIT 


Figure | shows the circuit of the transistorized ampli- 
fier which can be driven in both positive and negative 
directions. The input circuit consists of a 60 eps filter 
and half-wave chopper and does not use an input trans- 
former. (A conventional input circuit could be used with 
probable improvement in accuracy and at additional 
expense.) The amplifier has an a-c feedback which is 
variable to adjust the gain. The last stage is tuned to 60 
eps to remove harmonics and to correct for phase lags 
in the amplifier. The demodulator consists of compound 


emitter-follower (npn and pnp) transistor circuits with 
a 60 eps collector supply. 

Feed-back pulses are connected to the emf feed-back 
network by the second set of contacts of the double-pole 
chopper. They are peaked by an RC circuit with a large 
time constant to make the feedback more independent 
of the chopper cycle and to filter out a-c components. 
IR feedback is taken from a resistor in series with the 
motor. Both emf and current feedback are adjustable. 

It is necessary to have a zero adjustment because 
of unsymmetry of the output circuit. The power 
transistors must be rated for the full transformer peak 
voltage (35 volts), and they should cut off completely 
in the “off”? phase. The motor emf can be checked during 
operation with a vacuum tube voltmeter which thus 
gives a continuous indication proportional to the speed 
of the motor. 

Some selection is necessary for the transistors. For 
the input transistor X1, a d-c gain of more than 40 is 
necessary, while for X5 not every 2N169A transistor is 
useable because of a too low cutoff voltage. (The col- 
lector-emitter voltage of X5 can reach 48 volts, which is 
higher than the rating of a 2N169A.) X7, a pnp transis- 
tor, has to be similar in characteristics to X6, and this 
is more difficult because pnp transistors have in general 
a much higher I. (leakage current). A 2N217, selected 
for low leakage and matched to a 2NI69A, is used. 
The amplifier and output circuits, as shown on Fig. 1, 
are built on plug-in etched circuit boards. 

The transistorized integrator is adjusted for an input 
of approximately 2.5 mv at e = 1.4v. The motor is a 
Haydon Mfg. Co. d-c timing motor with a nominal 
speed of 8 rpm at 6v and 70 ma. At an emf of 1.4v the 
motor speed is close to 300 rph (4 scale point). The 
over-all open-loop d-c gain of the motor-amplifier, e/u, 
is approximately 18,000; d-c degenerative feedback, 
8G, is approximately 30. IR is approximately 1.5v at 
e = 0.2v. The time constant of the combination is less 
than 4 sec. The amplifier open-loop gain, E/u, is ap- 
proximately 100,000 and quite constant between 60 F 
and 110 F. The temperature range can be changed by 
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changing the base bias of X1. The total power con- 
sumption at full speed of the motor is approximately dw. 
ADJUSTMENT OF THE CIRCUIT 

Because of the many variables (zero, amplifier gain, 
positive and negative feedbacks) which have to be ad- 
justed, it is necessary to use a voltage divider network. 
This adjusting network can either be built into the 
system or connected externally ; it is shown on Fig. F 
The divider is set at a known ratio and its output drives 
the integrator. The motor emf is now compared with 
the input voltage of the voltage divider by means of a 


Fic. 2—Photo of Printer Utilizing a Veeder Root Pulse 
Counter 
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Fic. 3—Sample of Record from the Recorder shown in Figure 
2. Registration is Hourly, without Reset; Hourly Values 

are Obtained by Difference of Successive Numbers. 


meter. By varying the input of the voltage divider the 
whole range of motor speeds can be checked. 
The zero control is adjusted for symmetry at positive 


and negative speeds. The e feedback is adjusted at near 


full-speed range and the IR feedback at a quarter range. 
IR and e feedback are interrelated, so it is necessary 
to readjust them several times. 


PRINTING 


Display and registration of the integrated values can 
be accomplished in several ways. The motor can drive 
a counter directly (necessary for two-way integration, 
e.g., for net radiometer) or actuate a switch which in 
turn closes the circuit for a pulse counter. The counters 
can then be photographed at regular intervals, or they 
can be provided with number wheels which can print 
directly on paper. The least expensive printer used in 
this study is built around a Veeder Root pulse counter. 
Printing is accomplished by solenoid-operated 
hammer; the solenoid also operates the paper advance 
through a ratchet mechanism and is actuated hourly 
by a separate timer. An adding machine copying paper 
is used which does not need ink. A photograph of this 
printer is shown in Fig. 2; a sample record from it is 
shown in Fig. 3. It is also possible to use solenoid driven 
adding machines, computer read-outs, traffie counters 
with automatic reset, and other similar devices. 
EXPERIENCE WITH THE INTEGRATOR 
The transistorized integrator described above is a 
recent development. It has evolved from a series of in- 
tegrators partially transistorized. The readings of a 
similar integrator using a vacuum tube amplifier have 
been compared with clear day solar radiation records, 
taken from a potentiometer recorder connected to the 
same Eppley phyheliometer, over a period of six 
months. (The integrator can be connected to the same 
circuit as the recorder if the integrator is stable at all 
times.) The accuracy above 5 per cent of the total range 
was better than 1.5 per cent of full scale; below that 
range dissymmetry and other effects decreased repro- 
ducibility. The transistorized model discussed above 
does not exhibit this dissymmetry and has a generally 
higher accuracy because of improvements in the de- 
modulator circuit. 
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Abstracts, it may be observed, are useful to the 
extent that they are readily available at those 
critical moments in research and development 
activities when the advancement of a_ project 
depends upon objective and well recognized 
authority. 

The Solar Energy Technical Research Service 
Center is establishing a source of information 
and a routine for supplying data as soon as they 
are received and processed. All the material in the 
library, correspondence on technical metters and 
research reports are being classified and arranged 
for quick retrieving of useful information. 

As a record of each member’s fields of interest 
is in our file, appropriate data can be expedited 
to where they may be needed.‘‘Uniterm’’ type 
and punch card systems and ultimately com- 
puters will aid in the retrieving process. 

Until the system is fully organized, members 
will receive, periodically, bibliographies of current 
literature in the Research Service Center library 
of AFASE. The most important of these papers 
will be abstracted for the Journal. 

Your suggestions for further improvements will 
be welcomed by the director of the Technical 


Research Service Center. 


Chapin, D. M. “How to make solar cells.’’ Reprinted 
from Radio-Electronics, March, 1960. Bell Telephone 
Laboratories, Murray Hill, N. J. 3p. Illus. 


The outline below gives an overall picture of the process. 
1. The silicon wafers, obtainable from International Recti- 
fier Corp., are lap-ground with 280 mesh carborundum. 

2. The cells are lightly etched in a mixture of HNO; (nitric 

acid) and HF (hydrofluoric acid). 

3. One surface is painted with a solution of boric acid, 
boric oxide or commercial grade borax. 

4. To diffuse the boron into the surface, wafers are heated 
in air for about 10 minutes. 

5. The untreated side is again lap-ground with carbo- 
rundum. 

6. The cells are treated with HF to remove oxides. 

Part of the diffused surface is covered with acid-resisting 

tape. 

8. Exposed surfaces are electroplated in electroless nickel- 
plating solution. (The formula and summary of the 
process appear later in the article.) 

9. Plated surfaces are tinned with solder, and leads are 
attached. 

10. The edges of the wafer are ground with carborundum. 

11. HF and HNO; etchant is applied to the edges to complete 

the separation of p- and n-areas. 


Solar Abstracts 


Prepared by Milton D. Lowenstein, Director, Technical Research Service Center 


Abstracts of American Rocket Society papers re- 
lating to solar energy presented at the American 
Rocket Society Space Power Systems Confer- 
ence, Santa Monica, California, September 
27-30, 1960. (ARS preprint number of each 
paper is shown in parentheses ) 


Denney, J. M. “Radiation Damage in Satellite Solar 
Cell Power Systems’’, (1295-60). 


The performance of satellite power supplies provides a 
cross comparison of measured radiation intensities in space 
with experimental radiation damage in solar cells. The results 
of such comparisons further provide a means of applying dis- 
placement theory and data on annealing of point defects in 
silicon to the formulation of lifetime estimates for solar cells 
in space. These analyses, using the experimental results pre- 
sented in a previous paper, show favorable agreement with 
satellite power supply performance. 


Dowing, R. G. “Electron Bombardment of Silicon 
Solar Cells’, (1294-60). 


Silicon solar cells were irradiated with 530 kev electrons to 
determine the effect of electron radiation similar to that en- 
countered by satellites on the efficiency of solar cells. The 
experiments show that an integrated flux of about 5 & 10!¢/em2 
reduces silicon solar cell efficiency by about 25 per cent. Addi- 
tional experiments using quartz and glass shielding for radia- 
tion protection show the suitability of reducing the radiation 
damage by this technique. Combining the experimental results 
with the simple theory, 0.065 inches of quartz or glass are in- 
dicated as necessary to provide protection from 800 kev elec- 
trons in the trapped radiation bands. 

* 


Eerkens, Jozef William, Reder, Martin C. ‘‘Closed- 
Cycle Monopropellant Fuel Cell System Employing 
Radiation-Generated or Photochemically Generated 
Ozone’’, (1306-60). 


A new photochemical/nuclear energy conversion system is 
described which is based on the following conversion steps. 
Kinetic energy of photons or nuclear particles (gammas, betas, 
protons, alphas, fission fragments) is transferred into chemical 
energy of recombination through the exposure of oxygen to 
sunlight in the exosphere or through irradiation of oxygen in a 
nuclear chemogenic reactor or isotopic irradiator, which causes 
oxygen to recombine (partially) to ozone after photolysis or 
radiolysis. The efficiency of this chemical energy storage 
process varies between 10 and 15°; depending on the operating 
conditions. The ozone (mixed with oxygen) is then passed over 
a specially treated porous electrode of a fuel cell, at which the 
ozone reacts with the electrolyte according to reaction (1). At 
the other electrode of the cell, oxygen is liberated according 
to reaction (2). The over-all reaction (3), is the formation of 
oxygen from ozone with the liberation of two 0.84 eV electrons. 

By recycling the anodic oxygen to the sunlight exposure 
region, or to the irradiator or reactor, it is converted to ozone 
again and a closed-cycle system is obtained. 
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Elliott, James F., Meikleham, Mrs. V. 
Solar Cells’, (1290-60). 


“Large Area 


The utility of photovoltaic solar energy converters to supply 
large amounts of power (i.e., 0.5-100 kw) will probably be de- 
termined by the ability of the industry to supply large area 
solar cells. Theoretical arguments have been advanced which 
indicate that polyerystalline silicon prepared by thin film 
techniques and/or by mechanical deformation of ingots into 
sheets can be used for cell construction. These two approaches 
to large area cells are being investigated. Both programs have 
had promising initial success and the experimental results are 
discussed 


Finger, Harold B., Schulman, Fred. ‘Power Require- 
ments of the NASA Space Program”, (1535-60). 


This paper discusses the overall power requirements for 
some established space missions, and missions that are still 
being studied and evaluated. Both auxiliary power and propul- 
sive power missions will be considered. 


* * * 


Hamilton, Robert C. “Ranger Spacecraft Power Sys- 
tem’”’, (1345-60). 


Oriented silicon photovoltaic cells provide the basic power 
source for the Ranger spacecraft. An attitude control system 
positions the spacecraft so that solar radiation impinges verti 
cally on the solar cell panels. Primary silverzine batteries 
provide power during the launch phase, prior to sun acquisi- 
tion, and during guidance maneuvers when the solar radiation 
incident on the photovoltaic cells is inadequate to power the 


tanger spacecraft 


Hirsch, R. L., Holland, J. W. “Problems Associated 
with the Development of a Thermionic Conversion 
Reactor”, (1338-60). 


This paper describes a conceptual design of a 300 kwe 
thermionic space power reactor with a subsequent discussion of 
issociated development requirements. 


* * * 


Kerr, Douglas L. **Thermoelectric Elements in Space 


Power Systems”’, (1277-60). 


This paper presents a discussion of some of the characteris 
tics, potentialities, and problems encountered in the design of 
thermoelectric generators for space applications. One means of 
classifying the basic configurations possible is according to the 
means of rejecting heat from the cold junction, i.e. whether it 
is to be a secondary heat transfer fluid which in turn passes 
through the radiator or whether the generator waste heat is 
carried directly to the radiating surfaces by thermal conduc- 
tion from the cold junctions Presented herein are results of 
some studies which have been made of the latter case where 
the generator is integral with the radiator. Two types of con- 
struction have been investigated which can be termed the 
“sandwich’’ type and the ‘‘side fin’’ type. Estimates of the 
minimum weight obtainable from each are presented for partic- 
ular materials properties. Comparison of these indicates that a 
combination of the two types of construction will result in the 
least weight. 


Kurnick, 8. W., Fitzpatrick, R. L., Leavy, J. F. “High- 
Temperature Semiconductors for Thermoelectric 
Conversion”’, (1274-60). 


At the high end of the temperature scale (800°K-1600°K), 
new semiconductors are receiving emphasis in development. 


is such a semiconductor, and at present the material 
is sufficiently optimized to give 27's of 0.1 and above. The 
study of this semiconductor (n-type) is implemented by the 
study of a p-type semiconductor Ths; 7:-1.76. Progress to date 
on these materials is discussed. The measurement of the 
thermal conductivity of Ce-S at high temperatures, usually 
very difficult to make, is made by a small-area-contact tech- 
nique developed at General Atomic. 


Miller, R. C., Ure, R. W., Jr. ‘Thermoelectric Gen- 
erator Materials’, (1273-60). 


Some of the best materials known at present which are suit 
able for use in thermoelectric generators are BisTes; and its 
alloys, PbTe, the III-V compounds, MnTe, GeTe, and Ces. 
The properties of these materials which are important for their 
use in thermoelectric generators will be discussed. A theoretical 
maximum efficiency of 18°% would be obtained with these ma 
terials working between 30°C and 1030°C, provided that all 
the design and fabrication problems can be successfully solved. 


* * 


Nottingham, Wayne B. “Review of the Physics of 
Thermionics’’, (1281-60). 


Heat may be converted directly to electrical power by means 
of either the vacuum or the plasma thermionic diode. The 
latter holds the greater promise of being valuable for space 
power applications. The input heat is delivered to the emitting 
surface and the excess heat is radiated from the cooler electron 
collecting surface. The efficiency of a device depends on the 
use of a low work-function collector and a minimum of un- 
wanted heat losses. The best gas for the plasma seems to be 
cesium which serves to eliminate space charge and conduct 
the electric current across the diode. Some of the basic con- 
cepts related to the plasma diode are presented. 


* 


Queisser, Hans J., Shockley, William. ‘Some Theo- 
retical Aspects of the Physics of Solar Cells’’, (1293- 
60). 


Any theoretical treatment of the photovoltaic effect in 
semiconductors must be based on a thorough understanding of 
the current-voltage characteristic of a p-n Junction. All previ- 
ous work used the ‘‘ideal rectifier equation’’, a two parameter 
formula which correctly describes germanium junctions. In 
order to account for the experimental values of materials 
which are of interest for solar energy conversion, the two 
parameters had to be changed enormously from their pre- 
dicted values in an entirely arbitrary fashion. This clearly 
shows the inadequacy of the present theory. In the approach 
proposed here, emphasis is laid on the hole-electron recombina 
tion processes which limit the output voltage of a solar cell. 
A maximum efficiency may be calculated for the case of mini- 
mum recombination which is only the radiative one, as re 
quired by statistics. Non-radiative recombination prevents 
reaching this ultimate efficiency. Proposals are made to predict 
the current-voltage relationship and the efficiency of a solar 
cell from first principles with the aid of a theory of recombina 
tion processes. 


Snyder, N. W. “Solar Cell Power Systems for Space 
Vehicles”, (1309-60). 


On May 3 and 4, 1960 a symposium was held under the 
sponsorship of the Advanced Research Projects Agency by the 
Institute of Defense Analyses. Ten programs involving solar 
cell power systems for current U. 8. space vehicles conducted 
under government sponsorship were discussed by the project 
engineers who directed these programs. This paper will high- 
light and summarize the results of that symposium for this 
session, where possible. 
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Thiele, A. W., Coombs, M G. “SNAP Thermoelectric 
Systems”, (1530-60). 


In the range of moderate electrical power requirements 
(approximately 1 kilowatt) thermoelectric power conversion 
techniques offer many advantages in the design of nuclear 
auxiliary power units for space application. The current tem- 


perature capability of the lead telluride class of thermoelectric 
materials, in the vicinity of 1100 F, can easily be met with the 
demonstrated performance of the SNAP reactor systems. 
Minimum system weights are obtained at Carnot cycle effi 
ciencies of the order of 259(, yielding a total system efficiency 


of about 3°. 


Winkler, Seymour H., Stein, Irving, and Wiener, Paul. 
“Power Supply for the Tiros I Meteorological 
Satellite’, (1347-60). 


It was decided to have no unfolding, latching or extending 
mechanisms on this early-generation satellite. This meant 
that the solar-cell power supply had to be part of the fixed 
skin which covered the vehicle instrumentation. It was also 
decided that the satellite should be cylindrical in shape and 
spin-stabilized with a dise-shaped mass distribution, so that 
it would continue to spin about its figure axis. Furthermore, 
all thermal control was to be passive and was to be achieved 
in the design by the selection of proper materials to obtain 
optimum thermal characteristics for the fixed outer surface, 
and by the thermal inertia and coupling of the overall system. 
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From the point of view of solar energy, the 
climatic conditions in the deserts of northern 
Chile are unusually good. Various industrial 
solar energy plants have been operated in this 
region. The historical development, present ap- 
plications, and extensive research being under- 
taken in this field by various Chilean universities 
is described. As part of this research program the 
author also discusses his projected design for a 
self-supporting solar energy pilot plant which 
would produce 4,500 gallons of distilled water per 
day and generate 50 kw of electricity. Such a 
plant would have many applications in the arid 
deserts of northern Chile where the river and well 
water is too salty for irrigation purposes. Finally, 
the pilot project is compared with a much larger 
coastal thermal energy plant designed by A. E. 
Snyder. 


The author read Asa E. Snyder’s paper! about a 
power and sea water conversion plant with great in- 
terest, because this project is quite similar to a pilot 
plant proposed nearly two years ago for northern 
Chile.2 Before discussing the differences between these 
two projects it may be useful to discuss first the general 
situation in Chile and then give a description of the 
pilot plant under consideration. 

It is well known that one of the best regions in the 
world for the utilization of solar energy is the desert 
of Atacama near Antofagasta in the north of our 
country. According to publications of the U.S. Weather 
Bureau’ the total annual hours of sunshine there reaches 
an average of 4,000 hours, compared with a theoretical 
world maximum of 4,383 hours. In that region the 
conditions are especially good, owing to the fact that 
the soil is fixed by nitrate salts, which prevent the 
formation of dust storms such as are prevalent over 
other deserts. 

It is also well known that in the place named Las 
Salinas, a station on the railway from Antofagasta to 
Bolivia, a U.S. citizen, Charles Wilson, designed and 
built the first industrial solar heat collector in the world, 
as long ago as 1874, and used it for distillation. Nearby, 
in the Oficina Domeyko mine, a similar solar distilla- 


A Solar Energy Pilot Plant for Northern Chile 
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tion plant worked successfully for some time.’ The 
still of Las Salinas had an area of 4757 m? (51,200 ft?) 
and produced 22.5 m*/day (6000 gal/day) of distilled 
water.° 


Fic. 1.—Present View of the Site of the First Industrial Solar 
Still. 


This solar still was used successfully for more than 
forty years, and only after the completion of the first 
fresh water pipe line from the Andes down to Anto- 
fagasta was it abolished. Five years ago Maria Telkes 
published a photograph® of this still taken in 1908. 
Fig. 1 shows a photograph taken recently at the same 
site during a visit by Prof: John Duffie of the Uni- 
versity of Wisconsin. As can be seen, all that remains 
are some trenches and a great many splinters of glass. 

But meanwhile, at Coya, not far from Las Salinas, 
the nitrate company, Cia. Salitrera Anglo Lautaro, has 
built ten large solar evaporation ponds. Each of these 
ponds (Fig. 2) has an area of 44,000 m? (473,600 ft*) 
and vaporizes 236 m* (8,336 ft®) per day or an average 
of 5.34 dm*/m? day (0.1311 gal /ft® day). The quantity 
of oil saved by this method of evaporation is approxi- 
mately 158 t/day (3460 ewt/day). Considering that all 
fuels must be brought to this region from far away, 
these ten solar evaporaters may be considered very 
successful, but it should not be forgotten that from a 
thermodynamic viewpoint their efficiency is very low 
because the latent heat of evaporation is completely 


lost. 
Francois Desvignes and German Frick’ took solar 
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Fig, 2.—Evaporation Pond in Coya, with ‘Elephant,’’ a Specialized Machine which Removes Crystallization and Pumps 
Away the Concentrate Once the Evaporation is Finished. 


TABLE 1—Solar Evaporation in 
Mean Daily Incident Solar Energy E Mean Daily Evaporation* Mean Daily Vaporizationt Heat H, Efficiency 
_ He 


keal, m? day Btu, ft? day dm? m? day US-gal, ft? day kcal m? day Btu ft? day E; 


2809 7.00 0.1718 2 1548 

2644 5.90 0.1448 35- 1305 

. 132 2333 5.86 0.1438 3516 1296 
2010 4.54 0.1114 27: 1004 

1625 3.1 0.0911 2226 821 

1447 3.48 0.0854 2088 770 

1625 3.i 0.0938 2292 845 

2010 3.4 0.0967 236 872 

; 2333 5. 0.1335 326 1203 

5 2644 6.5 0.1544 377 1391 
. 7 2809 6.5 0.1529 37: 1378 


2920) A 0.1941 TAG 1750 


2267 D.: 0.1311 3: 1182 


* July 1959 to June 1960. 


t latent heat of vaporization assumed to be 600 keal/kg (1080 Btu/Ib). one 
t yield of clean water was 4.28 dm*/m? day (0.105 gal/ft? day % 
measurements in the desert of Atacama from Septem- representation of both heats is given. As one may see, 
ber 1957 to September 1958. Based on these measure- a well marked relationship exists between the monthly 
ments Victor Bocié® established mean monthly curves variation of vaporization heat and incident solar 
of solar energy incidence using a monthly average of energy. Therefore, it must be concluded that the low 
cloudless days. By planimeter the author obtained humidity of air in this region does not have as much x 
from these curves the values of mean daily incident influence as has been assumed by some authors. This _ 
solar energy (£;) given in the first column of Table 1. is also corroborated by the fact that the mean daily a - 
The second part of the table shows the mean daily evaporation of clean water at the same place is nearly A 


evaporation measured in the ponds of Coya by the 20 percent less than that of the colored nitrate solution, 
Anglo-Lautaro Nitrate Company and its equivalent which the solar-evaporation ponds are used to con- 
vaporization heat (//,). Finally, the efficiency was cal- centrate. 

culated as the ratio between this heat and that of the At the present time, the evaporation ponds of Coya 
theoretical incident solar energy. In Fig. 3 a graphical are the only industrial utilization of solar energy of 
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Fic. 3.—Incident Solar Energy F; and Vaporization Heat H 
of Evaporation Ponds in Coya. 


importance in Chile. Nevertheless, there are many 
projects for other uses of solar energy, and at least 
three university centers: Research Department for the 
Northern Zone dependent on the Northern Zone Uni- 
versity Centre of the University of Chile (Departa- 
mento de Investigaciones de la Zona Norte dependiente 
del Centro Universitario Zona Norte de la Universidad 
de Chile), Research Centre for Applied Solar Energy 
(CIESA) of the University of the North, affiliated with 
the Catholic University of Valparaiso (Centro de In- 
vestigaciones de Energia Solar Aplicada (CIESA) de 
la Universidad del Norte filial de la Universidad 
Catolica de Valparaiso), and Engineering School of 
the Federico Santa Maria Technical University of 
Valparaiso (Escuela de Ingenieria de la Universidad 
Técnica Federico Santa Maria de Valparaiso) are 
contributing to research in the different fields of ap- 
plied solar energy. 

One of the greatest obstacles to development in the 
northern provinces of Chile is the scarcity of fresh 
water. The shortage is so acute that in some places the 
water needed by miners reaches $15.00 (U.S.) per m® 
($57 per thousand gal). For this reason the engineering 
school of the Universidad Técnica Federico Santa 


Maria has been working for several years on salt water 


distillation projects utilizing solar energy. 

Under the author’s direction Victor Bocié developed 
a project for a pilot plant which uses solar energy to 
distill salt water and simultaneously generate electric 
power. Figure 4 shows a scheme of that plant. After 
heating the salt water in the solar collector (1) up to 
the desired temperature it passes to the accumulator 
(2) where air is separated from liquid. The heated salt 
water leaves the accumulator and enters the vacuum 
vaporizer (3). In this vaporizer, maintained at low 
pressure by the vacuum pump (10), part of the water 


vaporizes, absorbing the necessary heat from the rest 
of the water. Steam and water leave the vaporizer at 
the same temperature. The steam passes to the turbine 
(4) where part of its heat content is transformed into 
mechanical energy which by means of the reduction 
gearing (5) and the generator (6) becomes available as 
electrical energy. 

The turbine exhaust steam is condensed (7) and 
leaves the plant as distilled water. The condensation 
heat is utilized in part to preheat the salt water which 
enters the solar collector after passing through the heat 
exchanger (8). In this heat exchanger the concentrate 
coming from the vaporizer gives part of its heat to the 
less concentrated salt water which enters from the 
river or well (12) via the condenser. 

The pumps (9) maintain the circulation of incoming 
water, concentrate, and distilled water. The valves (11) 
control the amounts of steam generated and concen- 
trate removed. 

Victor Bocié® has calculated the best. thermodynamic 
and economic operating conditions for a plant of 50 kw, 
assuming the temperature of incoming salt water to be 
18 C (64.4 F) with a temperature increase to 70 C 
(158 F) in the solar collector. Under these conditions 
the plant would produce an average of 9.5 m* (2,500 
gal) per day of distilled water. In this case the propor- 
tion between steam produced and salt water heated in 
the collector is 36 kg per m* (0.30 lb per gal) of salt 
water taken into the solar collector. With this propor- 
tion each m* of salt water which enters the collector 
produces 36 liters ot distilled water (one gal of salt 
water produces 0.036 gal of distilled water). 

Salt. water enters the condenser at a mean tempera- 
ture of 18 C (64.4 F) and discharges at 27 C (80.6 F). 
Only 45 per cent of the water used for cooling the con- 
denser enters the heat exchanger: the other 55 per 
cent is expelled. The temperature of salt water in the 
heat exchanger increases to 44 C (111.2 F) and finally 
reaches 70 C (158 F) in the solar collector. Steam and 
concentrate leave the vaporizer at a temperature of 
50 C (122 F) and in the heat exchanger the concentrate 
temperature drops to 31 C (87.8 I). The steam tem- 
perature was established in accordance with the author’s 
previous thermodynamic investigation'’ of steam- 
power cycles with vacuum vaporization. 

Table 2 gives the heat balance for the total process. 
It is divided into two sections: one for the primary 
circuit of salt water and concentrate, and the other for 
the secondary circuit of steam and condensate. Figure 
5 shows the Sankey diagram for the heat balance, 
based on the heat received by the salt water in the solar 
collector. It must be observed that differences between 
certain figures of Table 2 and those indicated in the 
Sankey diagram are due to the enthalpy of, the in- 
coming water which is not included in the values of 
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the diagram. The table and diagram are referred to one 
cubic meter (or one gallon) of distilled water produced 
by the process. 

As may be concluded from the diagram, the heat 
balance of the eyele is relatively good; nevertheless the 
rate of solar energy converted into useful mechanical 
energy by the steam turbine is only 3.4 per cent of the 
total heat received in the solar collector. However, 
with reference to the enthalpy of the steam produced 
by the process the efficiency would be (24.640 xX 
100) (600,900 or 3.9 per cent, a value which approaches 
the maximum possible value of the Carnot efficiency 
which is 6.2 per cent for the given temperature limits, 
i.e., 50 C (122 | 
the condenser. Certainly the mechanical utilization of 


} in the vaporizer and 30 C (86 F) in 


3.4 per cent of the solar energy received is acceptable, 
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Scheme of a Pilot Plant to Distill Salt Water and Generate Electric Power by Solar Energy. 


(11) Regulation Valve 
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(10) Vacuum pump 
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especially when one considers the simultaneous con- 
version of salt water into distilled water. 

Obviously, academic considerations such as the heat 
balance do not in themselves justify the cost of building 
a plant of the size necessary to test the process pro- 
posed by the author. Therefore Victor Bocié in his 
thesis, made a complete calculation of the cost of the 
plant itself and also of the distilled water and electric 
energy to be produced. The ratio between prices of 
water and electricity were assumed to be equal to the 
ratio existing between present prices in the region of 
Antofagasta; in other words the price per m* of water 
is assumed to be twice that of a kwhr. The cost esti- 
mated by Victor Bocié would be: $0.34 (U.S.) per 
kwhr and $ 0.68 per m® of distilled water (or $2.57 per 
1000 gal.) The most expensive item in the plant is the 
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Fic. 5.—Sankey—Diagram of Heat Balance. 


Last August the author had the opportunity to ac- 
company Prof. Farrington Daniels during a visit to the 
desert of Atacama and to show him the site chosen for 
building the first pilot plant which will use the process 
under consideration. Our distinguished guest agreed 


solar collector which amounts to nearly 89 per cent. of 
the total investment. Thus any lowering of the cost 
of the collector would considerably reduce prices of 
distilled water and electricity. Victor Bocié assumed a 
plane and inclined collector with copper tubes. 
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TABLE 2 


Primary 
and Concentrated Expelled water 


Heat Exchanger 740 11,412 +478.380 +7,186 


Heat Balance* 


Difference of Enthalpy 
Enthalpy of 
Outgoing Fluid 
Heat in Heat cut Loss of heat 


keal Btu keal Btu kcal Btu Btu 


m gal m gal m! gal 3 gal 


Salt ater Condenser 600 16,953 +564,260 +8,476 692.860 25,429 


— 933,120 —14,017 
238,120 18,598 


Solar Collector .238.120 18,598 +731 .640 +10,990 1,969,760 29 588 


Vaporizer 760 29,588 
Heat Exchanger 1, 20,251 


Secondary (Steam and Vaporizer 
Condensate Turbine 619,000 9,298 
Condenser 594.360 8,928 


—619,000 —9,298 —3,940 —59 1,346,820 20,231 
—478,380 —7,186 —29,960 —450 838,480 12,595 


619,000 9,298 
—24,640 —370 594.360 8,928 
— 564,260 —S,476 30,100 452 


* The differences between certain figures of Table 2 and those indicated on the Sankey diagram of Fig. 5 are due to the enthalpy 
of water at I8 C (92.70 F). at which temperature it enters the plant. That enthalpy is 18,100 keal/m* (272 Btu/gal). 


completely with the choice of location. He kindly sug- 


gested a new plastic material which could be useful for 
the collector. The following description is taken from a 
paper by Daniels. 

A plastic film basin bottom overlaid with a 
black fabric mat, is secured at the edges to long 
concrete curbs. A transparent cover of the same 
material is joined to the bottom films at the edges 
also, and secured to the curbs. With a salt water 
depth of 2 to 5 centimeters and slight air pressure 
from a small blower the sections become inflated 
and assume a firm contour. 

On the other hand, several tactories have developed 
ditch-diggers for any kind of ground which are now 
available to commercial purchasers. With modern 
machinery and new materials it should be possible to 
lower considerably the cost of the solar collector, but 
this point requires further study. 

But apart from the possibility of developing a cheaper 
collector, the projected pilot plant already provides a 
solution for the water problem of the arid zones in 
northern Chile. Underground water exists in abundance 
in many parts of the desert, but it is always more or 
less salty because the soil itself contains various soluble 
sults. The only river which crosses the desert of Ata- 
cama, the river Loa, rises from a spring of pure water, 
but on arriving at Maria Elena, the place elected for 
the pilot plant, it contains 4,661 p.p.m. of salts, mostly 
NaCl. The Research Department for the Northern 
Zone, established by the Antofagasta Centre of the 
Universidad de Chile, is currently investigating the 
possibility of using desert soil for agriculture after 
washing it, at Salar del Carmen in the desert near 
Antofagasta. At present, the results of this investiga- 
tion are highly promising, thus confirming the author’s 
opinion that the projected plant can help to solve one 
of the agricultural problems of the Northern Zone, 
because it would utilize the abundant solar energy for 


pumping salt water as well as converting it into dis- 
tilled water. 

Finally, it seems appropriate to discuss briefly the 
differences between the author’s project and that of 
Asa I. Snyder. Thanks to Mr. Snyder’s gracious help 
the author is able to point out the following differences: 
“project AS.” meaning that of Mr. Snyder and 
“project V.B.” that of the author, developed by 
Victor Bocié. 


“Project A.S “Project V.B 


Net power 5,000 kw 50 kw 

Distilled water 1.62 & 10° gal/day 4.46 X 10% gal/day 
production 

First cost (esti 2,480,000 S$ (U.S.) 220,000 $ (U.S.) 
mated ) 

Solar collector de- Open trenches Inclined copper 
sign covered with tube collector 
asphalt material 
Price of electrical 0.05 $ (U.S.) 0.34 $ (U.S.) 
energy per kwhr per kwhr 


From the figures given above it is obvious that Asa 
Snyder’s plant is a full-scale industrial power plant 
while the author’s project is a pilot plant. In view of 
the many practical problems that will be encountered 
in running such a novel type of power plant, the author 
considers it desirable to begin with a plant that is just 
self-supporting. 

The reason for the great difference between the 
quoted prices of electrical energy is, of course, due to 
the quite distinct types of solar collectors. It is the 
author’s opinion that an open collector would not work 
under the climatological conditions of the desert at 
Atacama. Intense solar radiation combined with low 
humidity would produce such a high rate of evapora- 
tion that heating would be impeded. For coastal in- 
stallations, as proposed by Asa Snyder, the conditions 
are quite different. In conclusion, it seems advisable 
to build the proposed pilot plant first and to demon- 
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strate that it works. It would then be possible to pro- 
ject larger plants, designed to solve the agricultural 
problem of the arid zones of Chile with the help of 


solar energy. 
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Photochemical Systems for Solar Energy 
Conversion— Nitrosy] Chloride’ 


By Rudolph J. Marcus and Henry C. Wohlers 


Chemistry Department, Stanford Research Institute, Menlo Park, California 


The desirable properties of a photochemical 


conversion reaction are discussed and a number of 


possible reactions are listed and rated. This list 
should be added to by additional work in this 
field. 

Studies of one of these reactions, the photolysis 
of nitrosyl chloride, are reported. The solar 
furnace was used as a light source for these 
studies. All available physical, photochemical, 
and thermochemical data on nitrosyl chloride, 
chlorine, and nitric oxide have been gathered. 


Modern society has an insatiable hunger for energy. 
This need for energy will continue to increase as the 
newly developing countries become more industrialized 
and as the mature nations increase their scope of 
mechanization. To satisfy this need, vast quantities of 
coal and petroleum products have been exhumed. 
More recently, the advent of nuclear energy has 
added vast quantities for future needs. 

There is no doubt that the supply of natural re- 
sources will be depleted eventually on earth. At this 
point we will have arrived at a time when mankind 
will have to utilize Aristotle’s four elements— the sea, 
the rocks, the air, and the sun (fire) as energy 
sources."” 

Brown, Bonner, and Weir! have estimated the energy 
input pattern for a world population of seven billion 
inhabitants around 2000 A.D. Their data, presented 
in Table 1, show that at that time the supply of nat- 
ural petroleum products and coal will have been ex- 
hausted. The major sources of energy then, according 
to these data, will be nuclear energy accounting for 
65°;, and solar energy accounting for 22° of the 
estimated energy needs. 

Although sunlight is the energy source for the produc- 
tion of food, the diluteness and unpredictability of the 
light energy lessens its usefulness as a prime energy 
source unless efficient methods of conversion and 
storage are available. The supply of energy available 
in the sun by the conversion of hydrogen to heavier 


* This work was supported by the U. 8. Air Force Research 
Center under contract AF 19(604)-7302. 


elements will last on the order of 13 X 10!" years,! 
but research must be undertaken to provide means of 
converting this energy into a more usable form. 

In this paper we concentrate on one aspect of the 
development of the utilization of the sun for power 
purposes, that of photochemistry. In particular, we 
wish to discuss the effect of light collected at the focus 
of a solar furnace on various chemical systems, includ- 
ing the photochemical decomposition of nitrosyl chlo- 
ride. 

PHOTOCHEMISTRY 


Many authors, among them Farrington Daniels,*° 
have stated that photochemistry is the key to man- 
kind’s utilization of solar energy. The research goal 
in photochemistry is to find a suitable reaction which 
can be induced by sunlight, and then to allow this 
reaction to reverse itself upon demand, with the 
evolution of energy. Light is thus used to bring about a 
reaction which would not occur otherwise; the energy 
involved should be in the range of 40 to 100 keal/mole. 
This is the amount of energy which is necessary to 
excite a molecule electronically and is the energy equiv- 
alent of ultraviolet or visible light. Infrared radiation 
(wavelengths greater than 8000 A) merely excites the 
vibration or the rotation of molecules. Such forms of 
energy are not storable with presently known tech- 
niques, because the time in which they occur and in 
which they can be reversed is so sma!l. For photo- 
chemical conversion on earth, the lower limit of ab- 
sorption of light is 3000 A, which is the lower cut-off 
limit of the earth’s atmosphere.” For space technology, 
however, the lower wave length is about 1000 A. 

There is as yet no practical system for solar energy 
conversion except that of photosynthesis.!® 1% 2!) 
Since at the present time there is no synthetic chemical 
reaction which is ideal for the photochemical conversion 
of solar energy, it is desirable to discuss first the prin- 
ciples involved, the ideal requirements for the reaction, 
and suitability of various reactions for this purpose. 


Primary Photochemical Processes 
Prior to a consideration of the requirements of an 
ideal chemical reaction for solar energy conversion, 
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Asymptotic Yearly Energy Input Pattern for Seven 
Billion People 
(After Brown, Bonner, and Weir) 


PARLE 1 


Equivalent Heat 


Equivalent Energy 
Metric Tons 
Source of Coal 
(billions) . 105 Mega 
10" Btu watt Years 
Solar energy (for 23 of space 15.6 0.42 140 
heating) 
Hydroelectricity 4:2 0.10 38 
Wood for lumber and paper 2.4 0.07 24 
Wood for conversion to liquid 2.3 0.06 2] 


fuels and chemicals 

Liquid fuels and ‘‘petro”’ chem- 10.0 0.27 90 
icals produced via nuclear 
energy 


Nuclear energy 35.2 0.96 320 


Total 70.0 1.88 633 


it is instructive to review briefly various possible pri- 
mary photochemical processes. The primary photo- 
chemical process is usually characterized by molecular 
change, and such processes define the broad scope of 
the methods available for radiant energy utilization. 

tosenberg™® lists the following primary photochemical 
processes Which might result in the conversion and 
storage of solar energy: 

a. bond rupture, free radical formation, 


lv 
Br. == 2Br [1] 
or 
h 
+ Cl, [2] 
b. intramolecular rearrangement to stable products 
h 
CH,CHO—> CH, + CO [3] 
¢. photoisomerization 
\ H \ \ 
C=C C=C [4] 
H \ H H 


d. photoionization 
hy 
C's >Cst +e [5] 
e. electron transfer 
v 
f. photoconduction in solids 
hv 
H.O + 3 O: [7] 
g. photosensitized decomposition of unexcited mole- 
cule 


2CCL,Br + 0, 2COCh + Bre + Ch 

h. photophysical processes (fluorescence, phosphores- 

cence, etc.). 

Careful evaluation indicates that two of these eight 
primary photochemical conversion processes have the 
greatest chance of being useful for the conversion of 
solar energy. One of these is electron transfer and the 


other is the formation of free radicals. For present 
purposes, the intramolecular rearrangement to stable 
products was discarded because such reactions are 
usually not reversible; photoisomerization and photo- 
ionization were ruled out because the former is usually 
a low energy process and the latter a high energy proc- 
ess; photoconduction in solids, because we are in- 
terested principally in solution reactions; and photo- 
physical processes, because the absorbed energy is 
immediately dissipated as thermal energy. Photosensi- 
tized decomposition of unexcited molecules could be 
useful for either electron transfer or bond rupture 
with consequent free radical formation. 


Electron Transfer Spectra 

Storage of energy by electron transfer reactions may 
be briefly described as a transfer of an electron from 
one compound to another against the gradient of 
chemical potential.*® Such reactions may consist of 
photooxidations or photoreductions. The energy re- 
quirement for an electron transfer reaction against 
the gradient of chemical potential is faithfully re- 
flected in some region of the absorption spectrum of the 
species concerned. Two general ways of identifying 
electron transfer spectra are: (a) the light-absorbing 
material has a very high extinction coefficient (of the 
order of 10*), and (b) the absorption peaks for a series 
of compounds vary as does some electronic charac- 
teristic of the compounds (ionization energy, electron 
affinity, etc.) of that series. 

Klectron transfer reactions occur most frequently 
in the ultraviolet region of the spectrum. Thus this 
type of reaction will be of greatest value for space 
technology, since in space the 1000-3000 A. spectral 
region is available. The photochemistry of the cerous- 
ceric electron transfer reaction is a case in point. The 
reduction step, 


hy 
Ce + 4 H.O >Ce + + Oz, [9] 


proceeds with a reasonable rate on the earth’s surface 
at wavelengths greater than 3000 A”: * The corre- 
sponding photooxidation, 


hy 
Ce + H.O Ce * 4. OH + He, [10] 


is feasible with light of 2537 A,?* but is extremely slow 
or inefficient with any sunlight to be found on the 
earth’s surface.** For instance, we have shown that the 
production of hydrogen by this reaction in sunlight 
which has been concentrated 8,000 times is negligible 
for all practical purposes at the earth’s surface (i.e., 
at wavelengths greater than 3000 A).*9 

We have now come to the conclusion that this kind 
of result is to be expected of all electron transfer 
reactions occurring in aqueous solutions. The reason- 
ing which has led us to this conclusion proceeds as 
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MINIMUM LIGHT ENERGY FOR REACTION _ 
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follows: each of these reactions needs to have at least 
one photooxidation step. The only photooxidation 
reaction which has been found for all electron transfer 
svstems in aqueous solutions is one which involves 


the reduction of hydrogen ions, 


hy 


M*? (aq) + H*+ —> M** (aq) + 3 Hp [11] 


Dainton and James'> have determined the minimum 


as a function of 


light energy required for reaction |11 
the halt-cell potential of the metal ions involved. A 
graph of these data (Fig. 1) shows that the minimum 
light energy required at an oxidation-reduction poten- 
tial of zero is 86 keal/mole. This light energy corre- 
sponds to a wavelength of about 3300 A. This is the 
amount of energy required to make the reaction go 
when no energy is stored. 

At first glance such a high activation energy sounds 
unreasonable but a closer look at Eq. [11] convinces 
one that the energy of formation of a hydrogen atom 
from a hydrogen ion is included in that number. This 
energy amounts to about 48 keal/mole. If this value, 
as well as that for the oxidation-reduction potential 
for the metal ion couple, is subtracted from the 
observed minimum light energy required for reaction 
11], the remaining energy is the same for a number of 
metal ions (Table 2), indicating that all of these reac- 
tions appear to proceed by the same mechanism. One 
concludes that reactions like Eq. [11] will always limit 
electron transfer reactions to space uses where ultra- 


° 


Edge of the Electron Transfer Spectrum (4) as a Function of the Oxidation-Reduction Potential (E°) of the M*?—M 
(Wavelengths from Dainton and James. Potentials from Latimer). 


2—Activation Energy for Photooxidation 
of Some Metal Ions 


he Ionization 
my k kcal mole (kcal mole 
ca oe 

Co™ 220 129 42 33.49 39 
220 129 
Mn? 225 125 35 (32) $2 
285 100 IS 43.48 34 
yt 350 81 —6 26.4 39 
Cr*? 380 75 —9 29.8 36 

he 

“Ne dae 


violet light of such wavelengths is available. A sub- 
sidiary conclusion to be drawn from this reasoning 
is that no amount of photosensitization is going to 
push the limit for effectiveness of this reaction any 
further into the visible than the limit of 3300 A. For 
these reasons, electron transfer reactions involving a 
hydrogen ion as the primary acceptor are unlikely to 
be of much use for energy conversion and storage on the 
surface of the earth. 

Under these conditions, how is it possible for chloro- 
phyll to transfer electrons with light of much longer 
wavelength; up to 6700 A? Undoubtedly, the primary 
acceptor in photosynthesis is not a free hydrogen ion; 
thus the energy calculations which we have just pre- 


sented do not apply in this case. 
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Photohomolysis or Free Radical Formation 

We have just discussed reactions in which the elec- 
tron pair comprising the broken bond stays with one 
of the products. We would now like to consider reac- 
tions in which bond rupture results in the formation 
of two free radicals, that is, the electron pair is split 
and one electron goes with each of the two products. 
Since this kind of bond rupture is usually referred to as 
homolysis, a bond ruptured photochemically in this 
manner can properly be said to have been broken by 
photohomolysis. Two commonly proposed reactions 
tor the storage of solar energy fall into this category. 
These are the photolysis of nitrosyl chloride and of 
nitrogen dioxide.*® In both of these reactions, the effec- 
tive spectral response extends to much longer wave- 
lengths than any electron transfer reactions reported 
before. 

One reason for considering photohomolytic reactions 
as an alternative to the more frequently considered 
electron transfer reactions is that the activation 
energy calculated in the previous section, which in- 
cludes at least 48 keal/mole for the formation of a 
hydrogen atom from a hydrogen ion, is not likely to be 
that high for photohomolysis. In particular, these 48 
keal/mole are not going to be needed for photohomol- 
vsis. 

While the spectral response is going to be much 
better in the case of photohomolytic reactions, there 
are other problems which have to be seriously con- 
sidered. One of these is a problem of the separation of 
the photoproducts. There are a number of reasons 
why the photoproducts will recombine quite quickly. 
The first reason is that the products are free radicals. 
It is well known that the activation energy for the 
combination of free radicals is quite low. Furthermore, 
if the photohomolysis takes place in solution, the 
recombination of the photoproducts will be strongly 
affected by the solvent cage in which they are enclosed. 
One mechanism, which has been suggested by Neu- 
wirth* for the quick separation of the photoproducts, 
is to carry out these irradiations in a solution, such 
that one of the photoproducts is insoluble in the solvent 
and will escape to the gas phase while the other one 
remains dissolved. 

Criteria for Suitable Photochemical Reactions 

We have shown in the preceding sections of this 
paper that electron transfer reactions seem to offer 
the best spectral response for photochemical conversion 
of sunlight for space technology purposes. For use on 
earth, however, free radical reactions seem to offer the 
best chance of success. 

In addition to the spectral response already dis- 
cussed, other chemical and physical criteria need to be 
considered in assessing photochemical energy conver- 


sion reactions.”’: * Some of these criteria are listed 
below. 

a. The photochemical reaction must be endothermic 
and reversible. That the reaction must be endothermic 
is obvious, for the absorbed light must bring about a 
reaction which would otherwise not occur. The energy 
involved should be in the range of 40 to 100 keal/mole 
as discussed earlier. 

It is not necessary that the reactants absorb the light 
directly. The solution of the problem of energy con- 
version and storage could also be found in the method 
of sensitizing the system for visible and, if possible, 
also for the near infrared light by appropriate dyes. 
Kxamples of such sensitizers are the various dyes used 
in photographic film to make the silver bromide sensi- 
tive to orange or red light as well as to blue, violet, and 
ultraviolet light. 

Not only must the reaction be reversible but the rate 
of the reverse reaction should not be so fast that the 
photostationary state is far to the left. This would 
indicate a small degree of decomposition of the light- 
absorbing compound. Yet the rate of the reverse reac- 
tion must be sufficiently fast to be practical in answering 
the energy demand. 

b. The products of the photochemical reaction must 
be separable and storable until such time as the energy 
is required. In some cases the products can remain 
together, provided that the reverse reaction is not 
initiated without a specific stimulus. 

The photodecomposition of nitrosyl chloride illus- 
trates the need for storable products. This compound 
is easily decomposed into nitric oxide and chlorine. 
Various authors": *° have suggested solvents to dissolve 
the chlorine; in this manner nitric oxide in the gas 
phase would have been separated from the chlorine 
dissolved in the liquid phase. Unfortunately nitric 
oxide is not. completely insoluble in the solvents sug- 
gested, such as carbon tetrachloride, and the recom- 
bination of nitric oxide and chlorine is fast enough to 
prevent the effective escape of nitric oxide into the gas 
phase.*: 5: 6. 6% 

The photoproducts may remain mixed as long as 
they remain inactive. The reverse reaction may be 
initiated by a spark or by raising the temperature. 
This is the kind of situation which is found in the hy- 
drogen-oxygen system. The problem of the photo- 
chemical conversion or storage of energy is not so 
much to raise the electrons to a higher potential as it is 
to keep them there until the energy of recombination 
is needed. 

c. The temperature of the photochemical reaction 
should be greater rather than lower than ambient tem- 
perature. In the solar energy research, of course, any 
reaction which proceeds at any reasonable tempera- 
ture should be investigated. For practical purposes, 
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TasBLe 3—Photochemical Reactions for Energy Conversion and Storage 


(Photohomolysis ) 


20% Reasons* for 


Maxi effective ating of 
Over-all Reaction Reference ~ faximum Effective — fe Rating of 
Wavelength, A eacti Reaction 


kcal mole 


16 2537 39.1 34.0 Poor a 

2. CO. CO + 4 16 1692 61.5 67.7 Poor 

HBr 3 Br. + 3 H; 16 2537 8.7 Poor 

SO »>20.+ SO 16 2760 16.7 23.5 Poor a 

5. COC] ‘CO + C1 16 2750 17.5 26.9 Poor i 

6. NO »NOw + 4 O- (in H.O 16 2800 18.1 24.9 Poor ad 

7. NO >NO + $ Ov (in CCI, 16 350 8.3 13.5 Fair 

8. NOCI NO + 3 Cle (in CCI, 16 6370 1.8 9.0 Fair e, 1 

9. AgCl(s) Agi(s) + 3 Cl 16 4050 26.2 30.4 Poor 

10. AgBri(s » Agis Bi 16 4600 22.9 23.8 Poor ( 
ll. Aglis »Agis) + 31 15.9 149 Poor i 

12. NH >,No+ 3H 19 2537 1.0 11.0 Poor al 
13. HF — } H. +3 F 51 2800 64.7 (4.2 Poor a 
14. 2Fe(CO > CO + Fes(CO), (in $9 1400 Poor h 

15. Ni(CO), — Ni + 4CO (in CCl, 19 3660 Poor c 
16. BiOCl(s » BiO(s) + 3 Cl 19 Visible 33.5 7.4 Poor g 
17. Hg (NO » HgO + 2NO. + 3 Op 19 Ultraviolet 24.2 §2.3 Poor a,c,d 
IS. Hgo(NO »2HgO + 2NO0O, 19 Ultraviolet 31.2 Poor a, €. 
19. SO.C] >» SO. + Cl 19 3000 1.8 Poor a,e.l 


Wavelength of exciting light is less than 3000 A and thus reaction cannot be used in earth’s atmosphere. Reaction might 

proceed in outer space, or on earth if sensitizing agent could be found. 

b—Reaction is not reversible and hence cannot be used without ‘‘refueling.”’ 

c—Precipitate is formed. The settling and caking of the precipitate slows the rate of reverse reaction. 

d—The possibility exists that side reaction products may be formed. Hence, reaction cannot be used without ‘‘refueling.”’ 

e—Back reaction is fast. The photostationary state is far to the left 

f-It was claimed that the reaction takes place in the gas phase. Solution of chemical showed essentially no absorption greater 
than 3000 A 

g—Compound is insoluble in most simple solvents, 

h—Insufficient data available. 

i—Small amount of energy storage 


however, a cooling system might well require more low and the solution should be both noncorrosive and 


energy than is obtained by the photochemical reaction. nonhazardous. The original reactants may be decom- 
Further, the added weight of a refrigeration system posed either into a gas or into a solute, but the forma- 
would be a serious disadvantage in some instances. tion of a precipitate had best be avoided. 


Temperature control photochemical conversion 
reactions can be obtained by the addition of dyes or PHOTOCHEMICAL REACTIONS 


of carbon black to the reaction solution. If quartz is 


The types of reaction which were considered suitable 


used for the reaction vessels, a maximum reaction 


for the photochemical conversion of solar energy and 


temperature of 1,200° C will be possible. 


some required chemical and physical criteria of such 


d. Inorganic reactions are to be preferred over 


reactions have been described. A large number of 


organic reactions. Most promising organic reactions 


equations were reviewed, attempting to determine new 
and useful reactions for this purpose or attempting to 
see if any order could be discerned among the equations 


have a serious drawback: the occurrence of side reac- 


tions vitiates their usefulness. The occurrence of side 


reactions means that the system is not truly reversible 


or compounds examined. The equations are listed in 


and hence that the light-absorbing compound will be 


Tables 3-5. These tables form a convenient listing of 
consumed slowly. 


reactions which might be studied for possible photo- 


The most promising inorganic reactions from the 


chemical conversion of solar energy. 

Of the equations listed in these tables, only three 
were rated as ‘“Fair’’—the remainder were rated 
“Poor.” Of the three “Fair” reactions the photolysis of 


point of view of energy conversion are oxidation- 


reduction reactions. It is somewhat harder to find in- 


organic molecules which will form free radicals upon 


light absorption, but it will be noted that both of the 


nitrogen dioxide 


examples previously mentioned, nitrosyl chloride and 


nitrogen dioxide, are inorganic compounds. NO. + 4 0p, 12] 
e. In addition to the previous remarks, several minor ; 

points might also be considered. The reactants (either has a slow recombination reaction.“ Furthermore, the 

alone or in solution) should be liquid at room tempera- quantum yield of nitrogen dioxide decomposition in 

ture. The vapor pressure of this solution should be carbon tetrachloride solution is relatively low.'® *° 
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TABLE 4—Photochemica! Reactions for Energy Conversion and Storage 


Over-all Reaction 


— + 3 O, 

2Fet? + I;- — 2Fe**? + (in 

I, + NOs + — NO; + 2HF (in 
Fe*? + — He + Fe*? + OH (in H.O) 
5. Fe*? + H* Fet* + 3 He (in HCIO,) 

AgCl + — Ag + HCI + } Os (in 


ZnO 
8. RbI — Rb + 3 I, 
9. CrCi; — CrCl. + 3 Cl 
10. FeCl, — FeCl. + 3 Cl. 
HCIO, — HClO; + 40 


2 
2Ce*! + > 2Ce*3 + 2H? + 
13 


* See footnote to Table 3. 


(Electron Transfer) 


Altos AH Reasons* for 


Rating of 
Reaction 


Maximum 
Reference Effective 
Wavelength, A 


Rating of 
Reaction 
kcal, mole 


16 1LSOO 54.6 57.8 Poor a 
16 5460 10.7 —8.6 Poor hi 
16 5790 11.0 7.0 Poor hi 
16 2960 34.2 12.4 Poor a 
16 2537 17.8 9.6 Poor a,i 
16 4050 2a.) 19.3 Poor c 
16 {000 23.1 12.1 Poor e 
49 3700 92.0 87.8 Poor c, f 
32.8 40.1 Poor a, h 
8.2 15.3 Poor a, h 
2.0 7.9 Poor 
20 4000 -3.8 Fair b 
20) 2537 37.9 Poor a 


Tasie 5—Photochemical Reactions for Energy Conversion and Storage 


Over-all Reaction 


. CO + H; CHO 


2. NH; — 3 N.H,; + } He 

3. CH, — 4 + 4 

Anthracene — Dianthracene 
5. CoH. + Bro C.HoBrs 

+ 3 Bre HBrO + 3 


* See footnote to Table 3. 


The remaining two reactions, 


hy 
2Ce™ + HO 2Ce* + 2H +40, 19) 


and 
hy 


2NOCI CC. 2NO + Ch, [13] 


have been studied by the authors at the focus of a 
solar furnace. The concept of the use of the solar fur- 
nace as a light concentrator for photochemical reac- 
tions will be discussed while reviewing the experi- 
mental data on the ceric-cerous reaction. Following 
this, the nitrosyl chloride reaction will be discussed in 
detail. 


SOLAR FURNACE AS A LIGHT SOURCE 


The cerous-ceric reaction has been studied in the 
laboratory, using the usual ultraviolet and visible light 
sources.2": Another light source which has been 
used for this reaction is the solar furnace. Since this is a 
new technique, a short description of it might not be 
out of place. 

The solar furnace is a radiation concentrator. When a 
black body absorber is placed at its focus, the expected 
black body temperature of 3200° C is obtained. When a 
nonblack body, for instance a solution of ceric per- 
chlorate, is placed at the focus, parts of the concen- 


(Miscellaneous ) 


Reasons* for 
Rating of 
Reaction 


Maximum 
Reference Effective 
Wavelength, A 


Rating of 
Reaction 
kcal, mole 


16 1470 6.5 —1.3 Poor a,i 
16 2138 17.1 Poor ad 
16 1450 S.] 7.8 Poor 
16 3800 15.6 Poor d 

19 5790 Poor b 
20 34.7 Poor b, d 


trated radiation are absorbed and others leave the 
solution unaffected. Of the concentrated radiation, 
the part absorbed by water (the infrared part) appears 
as heat; this amounts to less than } of the total sun- 
light. The part absorbed by ceric ions (3000-4000 A) 


however, acts just as light of this wavelength from 


any emitter would, except that it appears as a point 
source inside the solution. We have, then, in the solar 
furnace a new, cool, concentrated light source.**: * 

We first studied the photoreduction of ceric per- 
chlorate at the focus of a 5-foot rear-silvered parabo- 
loid. We found that this reaction was just as clean 
in the solar furnace as it was under more ordinary 
conditions. The photochemical production of oxygen 
according to Eq. [9] is of little value for the conversion 
of solar energy without the concomitant formation 
of a reducing substance which will react with oxygen 
and thereby produce either heat or electricity. As a 
rear-silvered glass surface effectively cuts off radiation 
below 3500 A,°* we repeated these experiments with a 
2-foot front-surfaced furnace which reflected 60 to 70% 
of the light down to 3000 A® The purpose of these 
experiments was to determine if hydrogen could be 
produced at this wavelength according to the reaction: 


Ce + H.O + OH + 3H: [14] 


hy 
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These experiments showed that the mass balance 
for Eq. [9] obtained with the 2-foot front-surfaced 
furnace Was better than that obtained with the 5-foot 
rear-silvered furnace. The rate of oxygen evolution 
with the small furnace was 10-fold faster, based upon 
equal volumes and concentrations; this imcrease in 
rate Was due to the additional light energy in the 3000 
3500 A region. No hydrogen was found according to 
Iq. [14]. Any hydrogen which may have been formed 
during a 2-hour exposure was less than 2.5 & 10-' 
moles, which was the sensitivity limit of our mass 
spectrometer. 

Thus the ceric-cerous perchlorate reaction, as here 
tested, seems to be of little value for the conversion of 
solar energy on the earth’s surface. Of the reactions 
listed in Tables 3-5, we have vet to consider the photo- 


decomposition of nitrosyl chloride. 


PHOTODECOMPOSITION OF NITROSYL 
CHLORIDE 


The photodecomposition of nitrosv1 chloride has 
been suggested by Daniels'® as one possible system of 
utilizing solar energy. Thermodynamically the photo- 
dissociation of nitrosyl chloride is endergonie by 4.5 
keal/mole. The efficiency, Q, of conversion of radiant 
energy to chemical energy as defined by Calvert!® is 
21.8%. 

The free energy stored in the products of this reac- 
tion, 


2NOCI 2NO + Cl [13] 
is available upon demand by recombination of the nitric 
oxide and chlorine to form the original nitrosyl chloride. 
In order to prevent recombination of the product gases 
and concomitant waste of absorbed light, the reaction 
should take place in a solvent in which only one of the 
products, chlorine, is soluble. In this manner, the gases 
could be stored and later recombined to give the origi- 
nal nitrosyl chloride and to release the solar energy 
consumed in the decomposition. 

We have completed a preliminary examination of the 
photodecomposition of nitrosyl! chloride in both a 
static system and a flow svstem using the 2-foot solar 
furnace described previously.** In these experiments, 
using the static system, less than 2‘; of the initial 
nitrosyl chloride content was decomposed.’® This 
low vield, which may be of the order of the experimental 
error, Was the result of recombination of the products 
prior to the end of the experiment. 

In order to minimize this back reaction, crude ex- 
periments were undertaken with a gravity feed flow 
svstem in order to minimize or prevent the accumula- 
tion of the products, nitric oxide and chlorine.*° The 
tests with the flow system will be continued, using a 


direct pumping system to feed the reactant quickly 
into the furnace. 

Prior to the continued research on flow systems for 
nitrosyl chloride, it was considered expedient to eval- 
uate carefully the chemical and physical data of the 
reactants and products which might be relevant to the 
problem. 


CHEMICAL AND PHYSICAL PROPERTIES 
Nitrosyl Chloride 

Iexcellent reviews of the chemistry of nitrosyl chlo- 
ride were published by Beckham, et al.* and MeGon- 
igle."’ Physical data for nitrosyl chloride are shown in 
Table 6.5: 

Nitrosyl chloride, in vapor form, has an orange-red 
color; it forms a dark red liquid and a red solid, which 
in thin layers is yellowish. The nitrosyl chloride mole- 
cule has a nitrogen-oxygen bond distance of 1.14 A, 
a nitrogen-chlorine bond distance of 1.95 A, and a bond 
angle of 116°. The molecule is a resonance hybrid 
between the normal covalent structure, O=N=Cl, 
and the ionic form, CI-NO*. The nitrosyl and chloride 
ions are colorless. 

Nitrosyl chloride is soluble various aliphatic 
chlorides such as chloroform, carbon tetrachloride, 
and methylene chloride, and in many inorganic com- 
pounds such as sulfur monochloride, nitric acid, liquid 
sulfur dioxide, and silicon tetrachloride. Although 
nitrosyl chloride shows appreciable solubility in many 
organic compounds, it reacts slowly with compounds 
such as liquid alkanes, benzene, acetic acid, acetic 
anhydride, ether, and dioxane; it reacts quickly with 
alcohols and ketones. Liquid nitrosyl! chloride also 
forms inorganic adducts such as AICl,-NOCI, FeCl,- 
NOC], and SbCl;-NOCI. 

Nitrosy! chloride reacts rapidly with water to form 
nitrous and hydrochloric acids: 


NOC] + = HNO, + HCI. [15] 


Both wet and dry nitrosyl chloride react with most 
metals. Nickel, lead, tantalum, platinum, or Inconel 
may be used with dry nitrosyl chloride; tantalum may 
be used with moist nitrosyl! chloride. 


Nitric Oxide 

Physical data for nitric oxide are presented in Table 
Nitric oxide as a solid and liquid has a 
bluish tint, but it is a colorless gas at room tempera- 
ture. The molecule contains an odd number of electrons 
and is paramagnetic. Pauling®’ has postulated reso- 
nance between the following structures: 


N: 0: and N: 0: 


The nitrogen and oxygen atoms are said to be con- 
nected by two electron-pair bonds and one three- 
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electron bond. The N—O distance is 1.14 A, between 
the double and triple bond distances. With this strue- 
ture, the nitric oxide molecule is capable of entering 
into chemical combination in one of the following ways: 
(a) by losing the odd electron to form a positive ion 
NO*, or (b) by gaining an electron to form the negative 
ion NO 

Nitric oxide is but slightly soluble in water as well 
as in most solvents; it does, however, undergo a num- 
ber of addition reactions with compounds such as fer- 
rous sulfate and copper sulfate. Carbon tetrachloride, 
at 8.8° C, dissolves 0.339 volumes nitric oxide per vol- 
ume; at 34° C, 0.374 volumes of nitric oxide dissolve 
per volume 

Nitric oxide is easily oxidized; as soon as it comes 
into contact with air it forms brown fumes as a result 
of oxidation to the dioxide. The oxide is reactive with 
both chlorine and bromine, forming the corresponding 
nitrosy! halides. Nitric oxide can enter as a neutral 
constituent into many metallic salts. At low tempera- 
tures a dimer, NeQso, may be formed. Nitric oxide does 
not support combustion unless activated; glowing car- 
bon or boron will burn in nitrie oxide as in free oxygen. 


Chlorine 
The physical data for chlorine are listed in Table 6.° 
* Chlorine is greenish-yellow as a solid, liquid, or 
gas. The bond distance between chlorine atoms is 
1.98 A. 

The solubility of chlorine in water is between that of 
the slightly soluble gases, such as oxygen and hydrogen, 
and the exceedingly soluble gases, such as HCl or 
NH. Chlorine is quite soluble in carbon tetrachloride. 
Seidel! mentions that at 0° C, 0.156 @ chlorine are sol- 
the 


‘ 


uble per gram of carbon tetrachloride; at 40° (¢ 
chlorine solubility is reduced to 0.0433 ¢/¢ CCl. 
Chlorine can combine with both electronegative and 
electropositive elements. In compounds with electro- 
negative elements, chlorine can exhibit valences of 
seven, five, four, three, and unity; the most extreme 
valence states are generally the most stable, i.e., nega- 
tive univalent and positive hepta-valent. There are no 
simple salts in which a_ positively charged chlorine 
exists; rather the positively charged halogen usually 
is combined with oxygen or with other halogens. In 
its normal chemical reactions, chlorine acts as an elec- 


tron acceptor. 


PHOTOCHEMICAL PROPERTIES 


Nitrosyl Chloride 
The consensus of a number of authors’: 26 4!) 8, 4% 
‘is that the mechanism of the photodecomposition of 


nitrosy! chloride proceeds as follows. 


noc! NO + Cl [16] 


Cl + NOC] > NO + CL [17] 


2NOCI 2NO + Ch 


This reaction has been reinvestigated because of its 
possible potential use for the conversion and storage 
of solar energy.® 46 5!) 58 

Atwood and Rollefson® determined that the quan- 
tum yield for the photodecomposition of nitrosy1 
chloride in carbon tetrachloride (oxygen present ) 
was 0.7 at 3650 A and 0.5 at 5790 A, compared with 
about 2 in the gas phase.'* Neuwirth,* using a 500-watt 
projection lamp as a source of light, found quantum 
vields ranging from 0.7 to 1.1 for the initial reaction 
of decomposition of nitrosyl chloride in carbon tetra- 
chloride but that these values dropped to 0.05 to 0.1 
when a steady state was reached. \ 

Atwood and Rollefson found no measurable decom- 
position during the illumination of a solution of nitrosy! 
chloride in carbon tetrachloride with their thick- 
walled capillary are light source. These authors showed 
that the back reaction is so fast that the photostation- 
ary state which could be set up by their light source 
Was not measurable. This condition was eliminated by 
adding oxygen to form NOs or by using hexane as a 
solvent to react with the chlorime. Neuwirth, on the 
other hand, suggested that the best way to reduce the 
effect of the back reaction was to use a dynamic system 
in which the carbon tetrachloride solution of nitrosyl 
chloride is continuously removed from the reaction 
vessel. 

The absorption curve of nitrosyl chloride as a gas*° 
or in carbon tetrachloride solution*’ is shown in Fig. 2; 
also included in this figure is the absorption curve for 
gaseous chlorine. It is interesting to note that both 
NOC! and Cl. show one absorption maximum at about 
3340 A and another at about 6000-6400 A. The curve 
for NOCI also shows a maximum at about 4785 A, 
the convergence limit for chlorine. 


Nitric Oxide 

The calculated value for the molal heat of disso- 
ciation of nitric oxide is 121.95 keal, equivalent to a 
light wavelength of about 2300 A. This was proved 
by Leifson** who found an intense banded absorption 
beginning at 2264 A. MaeDonaid® found that the 
decomposition produced by irradiating nitric oxide gas 
at wavelengths of 1860-1990 A followed two courses: 
(a) ninety percent of the decomposition yielded nitro- 
gen and oxygen, and (b) ten percent followed the equa- 
tion, 


3NO — N2O + NOs. [19] 


Thus the photodissociation of nitric oxide will not 
occur on the surface of the earth where the limiting 
wavelength of light is 3000 A. There is, therefore, 
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Fic, 2—Absorption Spectra of Gaseous Nitrosyl Chloride and Chlorine. 


no reaction of nitric oxide with light during the photo- 
decomposition of nitrosyl chloride on the surface of the 
arth. However, the data presented show that any 
photochemical reaction involving nitric oxide either 
as a reactant or product cannot take place in space at 
wavelengths less than 2300 A. At wavelengths less 
than 2300 A, the nitrie oxide formed from the photo- 
chemical decomposition of nitrosyl chloride will de- 
compose to nitrogen, oxygen, nitrous oxide, and nitro- 
gen dioxide; the products cannot then again be 
recombined to form nitrosyl chloride. 

As expected, Bernstein and Herzberg!’ found only a 
weak absorption band system for gaseous nitric oxide 
in the wavelength region 3500-2300 A. For liquid nitric 
oxide, however, these authors found one strong con- 


tinuous absorption starting at 4000 A, extending to 

shorter wavelengths, and one at 5600 A, extending to 

longer wavelengths. The maximum transmission 
° 


occurred around 4600 A. 


Chlorine 

Halban and Siedentopf™ determined the absorption 
spectra of gaseous chlorine (Fig. 2). Chlorine absorbs 
in two broad regions. The first extends from about 
6430 A to about 2500 A, with a maximum at 3340 A. 
The spectrum at longer wavelengths is banded and 
the absorption coefficients have low values.** The sec- 
ond absorption region extends from about 1900 A 
to 1560 A and is entirely continuous, according to 
Cordes and Sponer.” Absorption in the lower wave- 


length region corresponds to a dissociation similar to 
that produced by absorption in the region of longer 
wavelengths, except that the atoms produced are 
endowed with greater kinetic energies. The conver- 


gence limit for chlorine is 4785 A, at which point the 


molecule dissociates into a normal and an excited 
atom: 


Cl > Cl + Cl* [20] 


This production of chlorine atoms in both the gaseous 
and liquid phases is perhaps the prime reason why 
the photoproducts will recombine quite quickly. As 
has been previously mentioned, the activation energy 
for the combination of free radicals is quite low. 
Chlorine shows a Budde effect,”® that is, an expan- 
sion upon illumination. Budde found that this expan- 
sion was the result of a temperature rise, an observation 
confirmed by Bevan.!! Such a temperature rise is not 
surprising in view of the fact that the chlorine atoms 
which are produced must recombine to form chlorine 
molecules, with the evolution of heat. The Budde 
effect is mentioned briefly, for it is possible that the 
effect observed by the authors,’? Neuwirth,*® and 
others could be attributed to this phenomenon. 


THERMAL DISSOCIATION 
Nitrosyl Chloride 


The extent of the thermal dissociation of nitrosy] 
chloride under various conditions has been calculated 
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by MecGonigle,"! based on an equation of Beeson and 
for the equilibrium, 

3091.0 
A,(em Hg) = —2.808 — —_. 


[21] 
+- 4.1457 logy) 7 — 0,0023406 7 


+ 0.52915 T + 0.02. 


These data, presented in Fig. 3, show that the percent 
dissociation increases with increasing temperature 
and decreasing pressure. On this basis, the photochem- 
ical dissociation could be increased by raising the 
temperature and lowering the pressure of the reaction. 

Much study has been devoted to the kineties of the 
NOCI system. The thermal decomposition of nitrosyl] 
chloride is second order and the formation of nitrosyl] 
chloride represents one of the rare cases of a homoge- 
neous reaction of the third order. Welinsky and Tay- 
lor® have critically discussed much of the work on 
kineties. 

Ashmore and associates? have described the mecha- 
nism of both the decomposition and the formation of 
nitrosyl chloride in the gaseous phase. Ashmore and 
Spencer’ established that reaction paths involving 
chlorme atoms occur in parallel with molecular reac- 
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tions and that some of the chlorine atom reactions 
occur on the wall of the vessel; the following reactions 


were considered. 


ky 7 
2NOCI == 2NO + Cl: [22 
I: 
NOC] + M=— NO+ [23] 
(M represents any gas present) 
ks 
NO + Ch == NOCI + Cl [24] 
kz 
NOC! + wall a NO + Cl, [25] 
ky 
Cl, =— Cl + wall [26] 
ku 
NOC] + Che == NO + Ch + wall 27| 


The same authors stated that in parallel with the ac- 
cepted molecular mechanisms (Eq. 22), there are 
mechanisms (Eqs. 23 and 24) which contribute about 
60° of the total rate of decomposition at 300° C, and 
about 95° of the initial rate of formation of nitrosy] 
chloride in a typical mixture of 12 mm of nitric oxide 
and 50 mm of chlorine at 200° C; these proportions in- 
crease as the temperature increases. Rate constants 
for several of these reactions (Eqs. 22-27) were deter- 


mined. 
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The equilibrium constant based partly on Dixon’s 
data” has been presented by Ashmore and Chanmu- 
gam ;‘ these results, shown in Fig. 4, were confirmed by 
Waddington and Tolman.® At 25° C, the equilibrium 
constant is 4.0 X 10° moles/liter, which decreases 
to 3.6 X 10°? moles/liter at 400° C. 

The rate constants for the decomposition of nitrosyl 


chloride are presented in Fig. 5; ® the rate constants 
for the formation of nitrosyl chloride are presented in 
hig. 6° The half life for the decomposition and 
formation of nitrosyl chloride was calculated based 
upon the data of Figs. 5 and 6. At a concentration of 
1 mole/liter and 25° C, 3.0 X 107 seconds are required 
for half of the original nitrosyl chloride to decompose 
thermally and 0.13 seconds are required for the forma- 
tion of nitrosyl chloride (Table 7). There is little doubt 
that the rate of thermal formation is more rapid than 
that of the thermal decomposition. 

Trautz and Gerwig® noted that the kinetics of the 
liquid phase reaction were about what might have 


been expected from extrapolation of gas phase data. 
Noyes*® found that the reaction between nitric oxide 
and liquid chlorine, or chlorine dissolved in’ carbon 
and that the rate 


tetrachloride, was rapid at —80° ¢ 
was still appreciable at —150° C. These fast rates were 
also observed by Boubnoff and Guye.” Further, Kiss*! 
showed that the recombination took place in the 


dark. 
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Nitric Oxide 


As has been mentioned, nitric oxide reacts with oxy- 
gen to form the brownish-red gas nitrogen dioxide. 


This reaction 


NO + 3 = [28] 


Reaction Rate for Thermal Formation 2NO + Clo 


is reversible: at room 


k 
> 2NOCI 


temperature 


the equilibrium 


lies almost completely to the right but at about 750° C 


the equilibrium constant 


is approximately unity.” 


1 
Pxo Po, 


[29] 
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Tasie 7—Half-Life for the Decomposition and 
Formation of Nitrosyl Chloride 
in seconds 


Concentration (moles liter 
Temper 


1 0.50 0.25 


| Jecomposit ion 


50 7.1 X 10" 1.4 xX 10 2.9 & 10% 5.7 X 10' 
25 1.5 X 10 3.0 10° 5.9 & 10° 1.2 16 
200 6.6 13 26 53. 


Formation 


1.06 $23 16.9 67.7 
25 0.033 0.130 0.521 2.08 
200 0.008 0.0038 0.013 0.051 


The maximum absorption of nitrogen dioxide is at 
about 4500 A. If oxygen were added during the photo- 
lysis of nitrosyl chloride, would the formed NOs 


be able to reverse itself to reform the nitrie oxide and 
oxygen? Unfortunately, as has been mentioned, the 
quantum vields of the reaction 


NO + 40. (12) 


NOs 


are small. Norrish” determined that the quantum 
vield was zero at 5760 A, 5460 A, and 4360 A; 0.37 
at 4050 A; 1.05 at 3650 A; and 1.04 for the range 3160 
2650 A. 

Thermally the decomposition of nitrogen dioxide is 
perceptible at 150° C and is complete at 620° C. The 
decomposition at various temperatures is as follows. 

Temperature, °C 130 184 279 194 620 

Decomposition, 13 a7 100 

Nitric oxide has a strong thermodynamic tendency 
to decompose into its elements at room temperature; 
the heat of formation of nitric oxide is negative. That 
nitric oxide is nevertheless capable of existence at or- 
dinary temperature is due to the fact that its rate of 
decomposition is practically zero at room temperature: 
it is metastable. 

The nature of the decomposition may be judged by 
the free energy equation of Giauque and Kemp 

AF,® = 21,600 — 2.50 T. [30] 
On this basis (equation 30), AF’ = 0 at 8650°K. In 
the process of manufacture, air is passed through an 
electric are at 3500°; by rapidly cooling the heated 
equilibrium mixture (the rate of decomposition of NO 
is slow even at 1500°), a mixture of air containing 
only 2° or 3°¢ nitric oxide is obtained. 

The equilibrium constants at various temperatures 
for the reaction 


> Nog) + Oo(g) = NO(g) [31] 


are shown in Table 8. 


8—Equilibrium Constants for the Reaction 
lg No(g) + On(g) = NO(g) 


Temperature 
K 


(obs 


298 1 7.26 107-16 

1000 8.86 & 10-5 

1500 3.30 10-3 

IS11 1.14 10°? 0.93 107? 
2033 2.21 X 1.6 10°? 
2675 7.98 10-2 §.8 xX 
3000 1.24 K 10°! 

3500 2.09 X 10™ 

4000 3.07 10°! 

5000 5.26 107! 


TaB_e 9—Equilibrium Constants for the Reaction 
Ch(g) 2Cl(g) 


Temperature Ky 
K (atm 
298 . 1 1.95 10°77 
500. 2.70 X 10°7° 
L000. 
1500. 3.68 X 107° 
2000. 5.69 107! 
2500. 11.99 
3000. 92.21 


Chlorine 

Trautz and Staeckel™ determined the degree of ther- 
mal dissociation of chlorine at one atmosphere to be 
1.5% at 1200° C, 2.10% at 1240° C and 3.05 % at 1280° C. 


29 


At lower pressure (10-* atm), Henglein®® found the 

degree of dissociation to be 18° at 712° C and 60% at 

878° C. Giauque and Overstreet? later derived more 

precise values for the equilibrium constant, A, based 

upon spectroscopic data. These data are given in 

Table 9. 
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Some Considerations Relative to a Solar-Powered 


Savery Water Pump 


By James R. Jenness, Jr. 


turbine type is now available, and the precision 
required in the manufacture of parts for such 
mechanisms makes such a development unlikely. 
The primitive Savery steam engine should be 
adaptable to mass production at low unit cost, 
so that in spite of its low efficiency it may be use- 
ful as a solar-powered low-lift water pump. 
INTRODUCTION 

Since abundant solar power is available to all who 
might use it, operating efficiency is not the most im- 
portant characteristic of solar-powered devices. In some 
cases, a beneficial flow of solar energy into the econ- 
omies of nonindustrial regions is held back only by the 
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No small inexpensive steam engine of piston or 


vacuum 


cost of the equipment is a prime consideration. 

In the development of technology, the refinement. of 
crude devices to achieve increased efficiency is a recur- 
ring theme. Watt considered his pistons and cylinders 
well matched if a small coin fit tightly between them. 
Later developments in machine tools made possible 
improved accuracies in steam engine construction 
Which in turn brought about more efficient engine 
operation to pay the expense of employing greate 
skills in the fabrication of engine components. Thus, the 
steam engine evolved into a machine of high precision; 
no small inexpensive steam engine of a type adaptable 
to solar power was developed. 

For satisfactory operation of devices such as high- 


atmospheric 
pressure 


atmospheric 
pressure 


| 


c 


Fic. 1. Operating eyele of the Savery pump: a. tank filled with saturated steam b. steam condenses, drawing water into tank 


c. water drains from tank, drawing in new charge of steam 


high cost of solar-powered equipment. Therefore, the 
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Fic. 2. Schematic of an automatic solar-powered Savery 


pump: Reflector A concentrates solar radiation on boiler B. 


Boiler refill and steam tube retaining cap C also serves as safety valve. Steam enters tank D through valve £ which is 
raised and opened by float F when water rises to top of tank. When water level descends to bottom of tank, float G hanging 
from chain pulls steam inlet valve shut. Friction of steam valve rod in grommet H prevents downward motion of valve 


so long as @ is afloat and prevents upward motion until F 


is afloat. Floating-ball valve 7 prevents reversal of flow 


in outlet pipe J when steam condensation creates vacuum in tank. Pipe J forms trap to keep valve J filled with water 
at all times. Vacuum resulting from condensation of steam in tank draws well water up through hose A. Sinking 
ball valve L prevents flow of water back into well when tank is at atmospheric pressure. 


pressure piston engines and turbines, concentrated 
power sources are required. Therefore, in considering 
the feasibility of developing a small solar-powered 


steam engine, other mechanisms must be investigated. 
The Savery water pump is of interest since its simplicity 
of construction may offset its low operating efficiency. 
It may prove economically feasible to employ solar- 
powered Savery engines for such applications as raising 
irrigation water from shallow wells or up river banks. 


THE SAVERY ENGINE 

Thomas Savery, a military engineer, received a 
British patent in 1698 for the first practical steam- 
powered lift pump.' In the early eighteenth century 
Savery engines came into considerable use for low-litt 
water pumping until they were superseded by the more 
efficient Newcomen engines. The Savery steam-powered 
lift pump has no large moving parts, so it might have 
competed successfully with the piston engine if sim- 
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plicity of construction had been more important than 
economy of fuel consumption. 

The principle of operation of the Savery engine is 
illustrated in Fig. 1. First, the steam inlet valve and 
water outlet valve are opened to fill the tank with 
saturated steam at atmospheric pressure as shown 
in Fig. la. Next, the steam inlet valve and water outlet 
valve are closed and the steam cools. This operation 
causes it to condense and lower the pressure in the 
tank, opening the water inlet. valve (lig. 1b) and draw- 
ing water into the tank. The incoming water accelerates 
the condensation of steam. When the tank is filled with 
water, the water inlet valve is closed and the steam 
inlet and water outlet valves are opened, draining out 
the water and admitting saturated steam to the tank 
(Fig. le) after which the cycle is repeated. 

Figure 2 indicates how a solar-powered Savery pump 
with automatically operated valves might be contrived. 
It is shown in the “‘water out, steam in” step of its 


evele, corresponding to Fig. le. Since the differential 


pressures involved are only of the order of one at- 
mosphere, relatively lightweight construction is ade- 
quate. The tank might be stamped from sheet metal or 
fabricated of plastic in two hemispherical halves by 
laminating or by vacuum drawing from flat sheets. The 
other pump components could also be mass produced 
at low cost. It should be possible for the average handy- 
man to assemble such a device from a do-it-vourself kit, 
using only a few simple hand tools. 

The maximum efficiency possible for such a pump is 
Dgh/ dH, where D is the density of water, g is gravita- 
tional acceleration, A is the distance the water is lifted, 
dis the density of 100 C saturated steam at atmospheric 
pressure, and #7 is the heat of vaporization of water 
at 100 C. The maximum value / can have (at sea level) 
is 1.03 (10 
Savery pump is found to be 7.5°-. Most of the heat 


cm., so the theoretical efficiency of the 


consumed in vaporizing water in the boiler goes to 
warm the water drawn into the tank during condensa- 
tion of the steam. This is an inherent inefhiciency of any 
heat engine operating above ambient temperature, 
adding heat to and subsequently removing heat from 
the working substance. 

The actua! efficiency will of course be less than the 
theoretical. The chief loss to be anticipated is condensa- 
tion of steam during intake after the tank has been 
cooled by newly raised water. A spherical aluminum 
shell of 20-cm diam (approximately one gal capacity) 
with a wall thickness of 0.15 mm (38-gauge sheet metal) 
will require approximately 850 cal to raise the tempera- 
ture from 20C to 100 C. Therefore, this amount of 
heat must be added to the 1350 cal required to produce 


this volume of saturated steam at atmospheric pres- 
sure. Since only about 100 cal per cycle are converted 
to useful work, the efficiency is 100/(1350 + 850) = 
4.5%. 

Principles whereby inexpensive paraboloidal reflec- 
tors might be fabricated have been discussed in an 
earlier paper. Such a reflector of one m? area could 
supply 300 w to a boiler at its focus on a sunny day. A 
transparent or translucent water container should be 
an efficient boiler if a dark nonvolatile water-soluble 
dye is added to the water. If the assembly is adjusted 
to set the focus in the darkened water inside, the solar 
radiation is converted to heat within the water and the 
walls of the container need not be heated above 100 C. 
It might be possible to boil water in a cheap plastic 
container by this technique. A cylindrical parabolic 
reflector may require less frequent focusing adjustments 
than a paraboloid, so this type of radiation collector 
may be preferable for use in a solar boiler. Archibald?® 
has suggested techniques for making inexpensive 
cvlindrical reflectors. 

If steam is generated at a rate of 300 w by a solar 
boiler and fed to a Savery pump of 4.5‘: efficiency, 
water could be pumped at a rate of 2.2 gpm. Assuming 
solar power is available to sustain an average pumping 
rate of 1.5 gpm for 10 hr per day, the irrigation rate 
on a 75 acre garden plot is approximately 3 in. per day, 
which Blaney and Criddle* consider quite adequate for 
most plants in a climate of negligible rainfall. 


CONCLUSIONS 


A small portable Savery engine with a one-gal pump- 
ing tank powered by a solar boiler with a collecting 
reflector of one m® area could raise water at a rate 
sufficient to irrigate a family-sized vegetable garden. 
The low efficiency of the Savery pump is of relatively 
little importance when its power is derived from solar 
radiation, since solar power is most abundant at times 
when irrigation requirements are high. Since the 
mechanism is simple, it should lend itself to low-cost 
manufacture for sale at a retail price within the means 
of small farmers in nonindustrial regions. 
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Theoretical Concentrations for Solar Furnaces 


By M. H. Cobble* 


University of Delaware, Newark, Delaware 


The concentration for a paraboloid of revolu- 
tion mirror and for a parabolic cylinder mirror 
are derived as a function of relative aperture for 
several target geometries. The expression for 
optimum concentration for each target-mirror 
combination is developed, and the equation for 
the ideal target shape for a target of a parabolic 
eylinder mirror having a relative aperture of 4 is 
obtained. 


THEORETICAL CONCENTRATIONS 
FOR SOLAR FURNACES 


Several relationships are derived for determining the 
concentration of solar furnaces, using either a single- 
curved or a double-curved mirror, for several types of 
targets. 

The derivations are based on the following assump- 
tions: (1) all the energy reflected by an ideal mirror is 
used; (2) the target area is small compared to the mirror 
area, and so it is assumed that the target does not 
shield the mirror; (3) all the radiation is parallel to the 
axis of the mirror. 


NOMENCLATURE 


A = constant 
A,» = area of mirror normal to radiation, ft? 
A, = area of target, ft? 


a = vertex ot triangle 
bh = vertex of triangle 


Btu(target / Btu( mirror ) 
hr ft? hr ft? 

c = vertex of a triangle 

D = mirror aperture, ft 

d = targer width, ft 


= concentration 


d; 
dy’ 
d, > = target geometry, ft (See Figures) 
dy 
d, 
de/dn = rate of change of concentration with respect 


to relative aperture, dimensionless 
ds = differential of are length, ft 
f = focal length of mirror, ft 
/ = distance from point on mirror to focus, ft 


* Associate Professor of Mechanical Engineering. 
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/,, = maximum distance from point on mirror to 
focus, ft 


D 
n = relative aperture [n = ; , dimensionless 


Btu 
() = radiation rate, 
ir 
Btu 
(), = radiation rate to mirror, 
Btu 
(, = radiation rate to target, 
PR... = distance from the earth to the sun, 
(92.9 & 10° mi) 
d 


S = are length, ft 
S, = diameter of sun, 8.66 * 10° mi 


S, = radius of sun, 4.33 & 10° mi 
x = rectangular coordinate, ft 


vm = Maximum rectangular coordinate, ft 
y = rectangular coordinate, ft 
Ym = Maximum rectangular coordinate, ft 
a = angle subtended by the sun, dimensionless 
8 = angle of deflection that a ray makes when 
hitting mirror, dimensionless 


Qa 


y= G + ) dimensionless 


~ 


= angle, dimensionless 
p = polar radius, ft 


INTRODUCTION—DEFINITION OF 
CONCENTRATION 
Assuming an ideal mirror, the radiation rate falling 
on the mirror is equal to the radiation rate going 
through the target area, so that 


= Q: [1] 


Multiplying the left side numerator and denominator 
by the normal area of the mirror, and multiplying the 
right side numerator and denominator by the area of 
the target results in 


Om A, [2] 
Ave A, 


‘ 
4 
3 
Le 
6] 
5 
: 
: 
ed 
‘ 
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Rearranging vields the concentration 


Q, 


This concentration (C) will be used in the following 


derivations: 


I. Concentration for a parabolic cylinder having 


a small relative aperture 


The concentration is given from the introduction as 
[1] 


From the geometry of Fig. 1, it is seen that 


DXL_D 
dxLsd 


The definition of relative aperture (nm) is 


Fic. 2. Paraboloid of revolution with small relative 


aperture 


a 
a 2 d = f{2 tan ) 
tan 5 = 


The concentration then follows 


[S| 
2 tan a/2 


107.37 |9| 


equations {8} and [9] are good approximations for 
n < .5, becoming more accurate as n — 0. 


Il. Concentration for a paraboloid of revolution 
having a small relative aperture 


The concentration is 


D 


Fic. 1. Parabolic evlinder mirror with small relative 
aperture 


a 
q 
Ay _ Aum _ 
A, 
| | 
dD 
{33 
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thus 5 
19 
D = nf [4] 1961 
4 Che tangent of the solar half-angle is : 
) n 
d = j = 
2 i(2 tan 
aN 
L 
| 
f 
= Bar 
A, 
; As seen from Fig. 2 this is equivalent to 2 = 
2 


are of length L, Eq. [1] becomes 


Kquation I-[4] states 


D = nf [3] C= DXL_D 12] 


From Fig. 2 
Using Eq. I-[4] 


From Fig. 4 


phan @ e/2 4 
d=f (2 tan [5] me 


Thus as above 


Using the results of Eqs. [8] and [5] in [2] results in or rearranged 


C= d = {2 sin 

Qa 

(2 tan 5 )| 
= (6] From Fig. 3 
a 

: ) The equation of the parabola with vertex at the origin is 


C = (107.3)? n? 2 11,550 n? (7 


good approximations for 


Kquations [6] and |7] are 


x? = Afy 


small n. 
At the maximum position this becomes 


[1l. Concentration for a parabolic cylinder having 


a circular cylinder target tm? = 4 Sym 
It is evident from the geometry of the problem, as Substitution in Eq. [6] yields 
shown in Fig. 3, that the diameter of the target that ES 
will just receive all the radiation is determined by the Em = Vf = Ym)? + Ayn [10] a 
rays reflected from the extremity of the mirror (assum- this becomes with rearrangement : 
ing the mirror is symmetric). Thus the concentration is } 
. ln = V(f + ym)? [11] 


5| 


Thus substitution of Eq. [13] and [15] in Eq. [12] gives 


Le” 1 /nf\ 


D 


Fic. 3. Parabolic eylinder mirror with cireular cvlinder f 
target 16 16 


a U/ 
tan — = = — 
or 
| 
or 
Le 
; 
A, 
4 From Fig. 3 it is obvious that if the target and mirror ; 
But 
Um ‘ 
d Ym | 13] 
d | 
m 
and 
a 
f | D 2x, 
- Ym = | 14 | 
' 
Ym f 
y In = : 
~ 
(16) 
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Therefore using Eq. [3] and [16] in Eq. [2] yields 


D nt 


wil 
l, (2 sin 


16 
When  < 1, Eq. simplifies to 


LO7.3n 


= 34.2n 


us 


1 


This relation is good for n ae 


IV. Maximum concentration for parabolic 


evlinder having a circular cylinder target 


III-{17] is 


The expression for concentration, hq. 


where the constant A is given by 


A= (2 sin?) [2] 


The maximum concentration is determined by setting 
dC 
the derivative ; equal to zero, and solving the 


resulting equation, which is 


dn 


rearranging gives 


(6) 


The solution of n = — 4 has no meaning. Substitution 


lim 


Fic. 4. Cylinder target geometry 


of nm = 4 into Eq. III-[17] gives the maximum concen- 
tration. 


C= 


r(1 


C 2 68.3 (9) 
\. Concentration for a paraboloid of revolution 
having a spherical target 


teferring to Fig. 3, the diameter of the sphere that 
will just receive all the radiation is determined by the 
rays reflected from the extremity of the mirror. Thus 


the concentration is 


A 
C= — l 
A, 


Looking at Fig. 3, and evaluating for a sphere of diam- 
eter d, Eq. |1| becomes 


Using Eq. I-[4] 
From lig. 
@ 


solving for d vields 


a 
C = 
J 
nf 
a (17 a 
— 2 sin 
( 
16 2 
or 
C= n 
[7] 
2 sin 
( 
‘ r 1961 
= = (1) or 
wil + 2 sin) l +7) 
3 16 2 16 : 
(—I1)n | 
16 16 (2) aN 
n 2n° 
0=1+—- 
16 16 D = nj [3] 
or 
2— 1§ = d/2 d 
n 16 0 [4] a 
thus 
d= i, (2 sin [5] 
a 
Ne 


D 


Fic. 5. Flat plate target geometry 


Using Eq. II1-[16] 


‘ 
lL, =f (: +> [6] 


Substitution of Eqs. [3], [5] and [6] in (2) gives 
(nf)” 


155 


n n 
4+{ 1 4+{1 
When n < 1, Eq. [9] may be given as 


11,550n° 
cs "> [10] 


VI. Maximum concentration for a paraboloid of 
revolution having a spherical target 


The expression for concentration is 


n\ 


Where the constant A is given by 


[2] 


dC 
Setting equal 
dn 


equation vields 


rearranging gives 


:=.2n 


= +4 


As before, the solution n = — 4 has no meaning. Sub- 
stitution of n = +4 into Eq. V-{8], gives the maxi- 
mum concentration 


dy dy | 
4 
%, Ve 
: ~ 4 P 
a P—__D 
| 2 | 
f 
g 
2 
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C 2 11,550 (8) 


VIL. Concentration for a parabolic cylinder hav- 
ing a flat plate target 


The starting point for the concentration is 


[1] 


From Fig. 5 it is seen that for a mirror and target of 


length L, 
 DXL D 


Ge 
From Fig. 5 it is also apparent that 


a dy’ ? d,’ 
tan = 


2 Se 


thus, upon rearranging this becomes 


=, (2 tan 


Using the law of sines on triangle abc, Fig. 5 
rearranging vields 


substitution of 


a 


= 90° 


gives 


2 sin (0 — 


- =, 
2 le cos B CO: ( sin 3| 


(«in 90° cos + cos 90° sin 


a 
cos 


2 | (<i 90° cos = — cos 90° sin cos B 


(co 90° cos + sin 90° sin sin 3| 


a 
dy’ cos 

5) 


= 110} 
But since 


1,0000 


sin — = .00467 
5) 


gq. |10} may be written with good approximation for 
all values of 3 except those approaching 90° as 


dy, = 


Phe value on the right of Eq. [13] is equal to > as seen 


from Fig. 5. By symmetry it is seen that the largest 
image dimension 


d, = 2d, [14] 


Further it is seen that 


x 
an 5 


a n a 
bn (2 tan fil tan 


Dealing with the angle 8, it can be seen from Fig. 5 
that 


(17) 


COS By», [18] 
From Eq. III-[{13}, 


119] 


ny 
+ ) 2 sin ) d, = 
16 
. ay 
( “) 7 
») 
or 
: 
A, and 
| 
d, 96 7} 
[133] 
2 cos B 
15) dy’ 2 - 
ban 
or 
d,’ sin 
2 sin 6 aq = 
a 
cos § =‘ 
and l 
or 
6 = 180° — yo : 
[8] 
inkq. 
4f 
‘ or 
ad, = || 9 9 
nf 
3) m=(s) [20] 
Af 16 


Substitution in Eq. [18] gives 


nf 
16 16 [21] 
I+ 16 + 16 


Using Eq. [14] in [13] used at the mirror extremity gives 


299 
(: 


cos By», 


or 


As before 
D = nf (24] 
Substitution of Eq. [23] and [24] in Eq. |2] yields 


nf 


(: 


n° 
( [25] 
a 


C= 


or 


or 


107.3n + 
[26] 


C= 5 


Forn < 1 


27] 


which is Eq. I-[9]. 


VILL. Maximum concentration for a_ parabolic 
evlinder having a flat plate target 


The expression for concentration Eq. VII-(25) is 


n 


where the constant A is given by 


[2] 


a 
2 tan 


The maximum concentration is determined by setting 


dC : 
; equal to zero, and solving the resulting equation 
dn 


for n. Thus 


dC n 
2n 


after some rearranging this results in 


~~ 


n* — 96n? + 256 = 0 |4| 


which in turn yields 


n= +434 V8 [5] 
fejecting negative relative apertures, this gives 
n= 44/3 + 
and 
n = 1.65 \7| 
n 2 9.64 (S| 


Putting the solution [7] in Eq. VII-[25] gives the value 


n° 
n (: 
16 


C= 

a 
| 2 tan 
( 3) ( 
Cx 
a [9] 
2 tan 

2, 


C2 107.3 10) 
The value n = 9.64 is thrown out because it gives a 
negative concentration, 
IX. Concentration for a paraboloid of revolution 
having a flat plate target 
As before the starting point is 


(1] 
A; 


From Fig. 5 the target geometry is determined by the 


of the mirror. Due to symmetry this image will be a 


largest image thrown on the plate from the extremities 


d = 
d, = 
n 
1+— 
x ] 6 
n Z a 
dq 2 [233] 
n 
<3 16 
Lie 
| 
4 
A 
a ( 16 
n 
n 
a 
2 tan 5 
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circle. Thus 


From Eq. III-[3 

and from Eq. VII-|23] 
16 


Substitution of Iq. [5] and [4] in Eq. [2] gives 


( nf 


n 
16 
( ~ 


n 
1+") 
16 
reduces to 


When 


n- 


a 
(2 tan ) 
2 


C => 11,550 n? [8] 


These are the same as Mquations and II-{7] 
respectively. 


\. Maximum concentration for a paraboloid of 


revolution having a flat plate target 


The expression for concentration is 
16 
n?\3 a\- 
L + — 2 tan 
16 2 


Where the constant A is given by 


The maximum concentration is determined by setting 


dC 
(! ) equal to zero and solving the resulting equation 
an 


for n. Thus 
dC 
—=(0= 4}2 
dn (1 (: 
i 16 16 16 
(2n 
( 16 ) ( 


this results after some rearranging i 
n* — 96n? + 256 = 
which in turn yields 
n= +4 { ‘ 
finally 
n= +4 | 
with the applicable result 
n= V8 21.65 


Using this value of n in Eq. [1] vields 
n 2 
16 
ts 
= tan 5) 


Fic. 6. Mirror geometry for optimum target shape for a para 


bolic mirror having a relative aperture of 4. 


(2) 
rl, 
[3] 
| 
tan 
‘ | 
| (5) 
or | 
:) 
2 
VOL. 
C => = 16 
+") (2 tan) 
16 
[1] 
(7) or | 
3 is] 
(2 tan 
| 
| 
B 
| 
16 y x 
| 
A= 
») a 2 
} 2 tan = (2 | 
OS 


and finally 
Mirror 
Parabolic Cylinder 


C = 11,550 [9| 140 


XI. Optimum target shape for a parabolic mirror Plate Target (n «1) 
having a relative aperture of 4 1204 


Plate Target 


The target should provide a cross section just wide 
enough to intercept each beam from every point on 
the mirror. The development follows. From Fig. 6 it 100- “=o Target 


is seen that 


Cylinder Target 


tan = = 80- Cylinder Target 
2 (n «1) 

thus 
60- 


d=l (2 tan [2 


From a previous development 


l=ft+y (3 | 


On the mirror 


(4) 


T 
| 2 3 


n- Relative Aperture 


Fic. 8 


From Fig. 6 also 


thus 


cotan B 


cotan 


multiplying through by 8” gives 


8n cotan B = 16 — 


n? + Sn cotan — 16 


solving for n yields, finally 


n = 4 (ese B — cot B) 


8 
n = 4 tan; 


Fic. 7. Target geometry for optimum target shape with a 
parabolic mirror having a relative aperture of 4. Eq. [9] is a convenient relation between n and 8. Sub- 
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Mirror 


Paraboloid of Revolution 


Plate Target (n« 1) 


Plate Target 


Spherical Target 


> 


C- Concentration 


Spherical Target 
(n « 1) 


T 
2 


Fic. 10. Ideal target cross section for a parabolic mirror with a 
Fie. 9 relative aperture of 4, 


stitution in Eq. [2] yields finally 


f 
d=] (2 tan = “4 (2 tan 


The length of are S of Fig. 7 is given by 


S = [as = Vp? + p? dB 


8) 


By symmetry 


Where 
2B 
p A sec 
From Fig. and the constant A is given by 


f a 
A = ={2 tan 


and p’ is 


14,000 
12,000 
0,000 
4 
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4,000 / // 
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) 2 ) 
p 5 an 5 cos® 
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The concentration then, for a mirror and target of 


Sr length L, is 


nia 


Earth 


Aj, _D 


= 


nf 
Sq c= [20) 
Qa 
Sun 1.598) (2 tan 3) 4.598 (2 tan 5) 
Res 
Since n = 4, the concentration is 


Fic. 11. Geometry of earth and sun 


1073 
4.598 [21] 


Thus continuing 


C = 93.8 


This compares to the value of C = 68.3 for a circular 


“0 Pe re pipe that will receive all the radiation. 
cos~ 5 5 
\ 


To obtain the equation of the target in rectangular 


coordinates let 


S = @ 3 { 1+ tan’ 


COS’ 5 
and 


pcos B 


The equation for p is 


»B 
p = A sec 


= 8A 
“0 


cos® 


but also 


integration vields 
and 


S = 8A - + - In tan (F + ) cos B = = [26] 
COs" 4 4 | p Viet 
setting p = p, and rearranging 
in 2A / 
et 
S=4A 4 + In tan ¢ *) + cos 
» 7 4 8 
COS 4 2A 
| e+ 
7 + In tan + 0) 
finally 
f 14/9 3 8 97] 
} { 3 + In tan (1 Vx + = 2A 
2V2) ii this can be modified to 
E + In 2.12 | = 4A[1.414 + 885 Ve+y=2A—2x 
i » » 9 


~~ f ‘ a 9 9 4 IS 
S = 4A[2.299] = 4 E (2 tan [2.299] y = 4A° — 4Ar = 44° (1 4 [28] 


=> 4.598/ (2 tan 5 y = +24 | 


| 
4 / a? | 
1 \? A tan 5 
o= / 4 =| 
Le : r/2 SCC 2 4g y = psin [23] 
5 cos" 5 
Cos” 
3 
2 
> 


Substitution of the value of A gives but sin S, g 
ys — = 
> 


y = +2 [ (2 tan [29] 8.66 X 10° 
f (2 tan 4 2X 92.9 10° 


the equation for one-half of the surtace when 


<z<f (2 tan 


rhe equation for the other half of the target is 
107.3 


y= +2 [ (2 tan | hy rhe following trigonometric series are useful in solar 
/ 
| d 


furnace relationships 


sn wt = 


The slope is viven by 


yo = +24 


Thus when @ is a small angle, it is true that 


a 
te 
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For the first the slope is 


For « = 0, the slope is 
y =+1 
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= 00467 radians & .2675 degrees = 16.08 minutes. [9] 
From Fig. | 


It follows then that the solar angle is 


=> 32.16 minutes. (10) 
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Included in the growing volume of documents 
which the Technical Research Service Center will 
process through our storage and retrieving sys- 
tem, are papers from Russia. The interest of 
U.S. scientists and engineers in the technological 
achievements of the U.S.S.R. has also prompted 
several of our government departments to begin 
the task of translating Russian journals. The 
Technical Research Service Center receives all the 
material bearing upon the subject of our interests 
in solar energy. 

Titles of many of our Russian acquisitions have 
been compiled into a bibliography which has al- 
ready been distributed to our membership. The 
extent of the translation was indicated for each 
title. Additional copies of the bibliography are 
available. 

All the material is being arranged according to 
the categories of solar energy interests devised by 
the Research Service Center for the convenience 
of A.F.A.S.E. members. 

The following abstracts of papers are among 
those that have been completely translated: 


Evaporative Processes 

Brdlik, P. M., ‘Testing and Designing Solar Desalina- 
tion Installations.’”’ 22 p. Illus. Translation. 
Solar desalinators of the ‘Shot box’? type. Solar desalinators 


with rotating concentrators of radiant energy. Thermal calcu 
lation of solar desalinators with rotating reflectors. 


* * 


Ismailova, A. A., “The possibilities of Using Solar 
Energy for Drying Fruits and Vegetables.” 22 p. 
Illus. Translation. 

In the present work the following tasks were set: investigat 
ing the special operational features of various designs of helio 
driers, determining their optimum operating conditions, deter 
mining the basic technical characteristics and parameters of 
drying; an analysis of the special operational features of air 
heaters and calculating their basic technical characteristics 
and parameters. 


* * * 


Sheeegolev, D. M., “Heating Buildings by Solar Radia- 
tion.” 17 p. Illus. Translation. 


Solar Abstracts 


By Milton D. Lowenstein 
Director, Technical Research Service Center 


The best system of solar heating is the complex utilization of 
helio installations in the summer for desalinating water, 
obtaining ice, cooling buildings, ete., and in the fall-winter 
period for heating buildings. 


* * 


Space, Water Heating, and Absorptive Collectors 


Markov, G. I. and Rekant, N. B., “Tests on Solar 
Water Heaters in Tashkent in 1952-1953.” 10 p. 
Illus. Translation. 


Of a number of solar water heaters, the tubular-type water 
heaters designed by B. V. Petukhov is the most widely used in 
the USSR. Pan-type water heaters are not widely used, al- 
though they are sufficiently simple in design and in some cases 
can prove more economical than tubular ones. In 1952 at the 
experimental station in Tashkent, comparative tests were 
conducted on water heaters of the two indicated designs. The 
purpose of the test was to determine the average daily effi 
ciency and its change in relation to the temperature of the hot 
water obtained. In 1953 tubular-type water heaters were tested 
to determine the effect of the numbers of panes on the efficiency 
of the installation and its productivity. , 


* 


Petukhov, B. V., ““Method for Calculating Solar Water 
Heaters.”’ 35 p. Illus. Translation. 


Design principle of solar water heaters of the ‘thot box’’ 
type. Data necessary for the calculation of a solar water heater. 
The position of a solar water heater. Heat balance of a solar 
water heater. Determining the amount of solar energy falling 
on the water heater. Computing the coefficient of entry of 
direct solar radiation into a water heater. Passage of solar 
energy by the panes. Determining the coefficient of entry into 
the water heater of diffused radiation. Determining heat losses 
by a solar water heater to the ambient medium. Determining 
the amount of heat necessary for the initial heating of the solar 
water heater. Heat transmission. Selecting a glass cover for the 
water heater. Determining the productivity of a solar water 
heater. 


Cooling Processes: Refrigeration and Heat Rejec- 
tion Systems 

Brdlik, P. M., ‘Testing a Solar Refrigerator.”’ 8p. 
Illus. Translation. 


The efficiency of a solar refrigerator can be considerably 
increased by: better utilization of the heat from the warming 
steam in the generator. This can be attained by increasing the 
heating surface of the generator; decreasing the lag of the 
system by decreasing the dimensions and weight of some of its 
parts and the employment of a less heat-absorbing insulation, 
supplying the boiler of the helio installation with condensate 
from the generator of the absorption refrigerator and finally, 
placing the generator of the refrigerator directly in the focal 
plane of the solar installation. 
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Solar Furnaces 


Aparisi, R. R., Baum, V. A., Garf, B. A., “High Power 


Solar Installations.” 19 p. Illus. Translation. 


During the last few vears, a system has been developed in 
the helio-laboratory for a solar station whose capacity can 
attain 10-10° kilo-calories per hour and more, which is 40-80 
times greater than the possible unit capacity of a paraboloid 
unit and 20-40 times the capacity of a unit with flat mirrors 
and an immovable boiler, illuminated from below. This station 
is designed to produce steam at a pressure of 30-35 atm. abs. 
Solar rays, gathered from a 19,395 m? area, are reflected by 
means of 1293 individual, flat, standard-type reflectors, onto a 
steam boiler rotating around its axis. This boiler is located in 
the focus of the optical system formed by these reflectors. Each 
of these individual reflectors with an area of 15 m? (3 X 5m) 
consists of 28 flat mirrors, mounted on a standard metal chassis, 
placed on a trolley. The 1293 trolleys are broken down into 23 
separate trains, moving with the same angular velocity along 
concentric tracks, around the boiler which is placed on a tower 
10 m high. Thus is accomplished the azimuthal movement of 
mirrors for focussing reflected rays in the boiler. The zenithal 
movement is accomplished by rotating the chassis by means 
of an electric motor around an axis close to the horizontal. 


* * * 
\parisi, R. R., “An Experimental Installation for the 
Receipt of High Temperatures.” 15 p. Illus. Transla- 


tion. 


To conduct experimental tests in the area of high tempera 
tures, an experimental installation was erected on the grounds 
of the Power Institute, USSR Academy of Sciences, in Tash 
kent. It has a precision-cast mirror with a diameter of 2.05 m 
and with automatic control. To it was attached a kinematic 
system of azimuthal and zenithal rotation with two mutually 
perpendicular axes of rotation: horizontal GG’ and vertical 


* * * 


Garf, B. A., “A Small Solar Cooker.” 12. p. Illus. 
Translation. 


The present article contains calculations of the MSK-1 
cooker and the results of its tests. Experimental operation 
under field conditions has an average productivity of 5 liters 
of boiling water per hour with an efficiency of the unit of 
» = 0.5. Under normal conditions in the Central Asian Re 
publies, the MSK-1 fully provides for the preparation of food 
for a family of 3-4 persons. Handling it is simple. Its cost, 
with mass production, will not exceed 250-300 rubles. By sav 
ing fuel, the unit pays for itself in 2} vears. The MSK-1 can 
be recommended for everyday use in regions with intense solar 
radiation and insufficient fuel resources 


* * 


Garf, B. A., Borozdina, M. 8., Rekant, N. B., “‘In- 
vestigating the Reflecting Surfaces of Solar Installa- 
tions.”’ 19 p. Illus. Translation. 

Tests and experience in the operation of solar units with 
mirrors, both in the Soviet Union and abroad, indicate that 
at the present time sheet glass with a silver or aluminum re 
flecting coating and metallic sheets with an electrically 
polished mirror surface satisfy the enumerated requirements 


* * * 


Kozlov, B. K., Boganov, F. F., Kolos, va. G., Markov, 
G. L., “‘Thermotechnical Tests of a Solar Paraboloid 
Installation for the Production of Steam.” 10. p. 
Illus. Translation. 


The installation consists of a solar steam boiler, a mirror 
reflector with a counterweight, a rotating mechanism, a column 
and a base. The reflector is made in the form of a thin, re 
inforeed-concrete casing, shaped as a paraboloid of rotation, 
10 m in diameter. Mirrors made of window glass, glued to the 
casing, serve as the reflecting surface. The casing is rigidly 
connected with a counterweight in the form of a metal rod 
having removable concrete blocks at its end. The mechanism 
of daily rotation provides for the turning of the casing around 
an inclined axis, placed on a meridional plane at an angle to 
the horizon equal to the geographical latitude of the location 
of the installation. Rotation takes place at a constant speed 
and is effected by an electric motor of 0.25 kw capacity; the 
reducer has a total gear ratio of about 2 million. The position 
of the casing is changed, in relation to the change in the decli 
nation of the sun, by means of a special yearly declination 
screw, rotated by hand, one turn once a day. 


x * * 


Markov, G. I., “Special Technological Features in the 
Manufacture of Reinforced Concrete Paraboloid 
Mirror Reflectors for Solar Installations and Some 
Indexes of Their Operation.”’ 14 p. Illus. Transla- 
tion. 

The method of creating huge reinforced-concrete paraboloid 
reflectors, set forth in this article, is sufficiently simple, and is 
accessible for any construction organization; it provides a 
reflector accuracy completely adequate to effect, in the focal 
plane, a heat liberation of about 300,000 keal/m? hour. 


* * 


Photoelectric: Photovoltaic, Photogalvanic, Pie- 
zoelectric 


Petukhov, B. V., “Devices for Direct Conversion of 
Solar Energy into Electrical Energy.” Utilization of 
Solar Energy, Series IV, No. 14, 1958. 4 p. Transla- 
tion. 

A general discussion on the various means for directly con- 
verting solar into electrical energy, e.g., photoelectric and 
thermoelectric types of conversion; and the materials used 
and their efficiency. 


* 


Vavilov, V. 8., Malovetskaya, V. M., Galkin, G. N., 
Landsman, A. P., “Silicon Solar Batteries as Sources 
of Electrical Power for Artificial Earth Satellites.” 
Uspekhi Fizicheskikh Nauk, Vol. 65, 1. Sept. 1957, 
13 p. Translation. 

The authors discuss the design, construction, operation, 
and theoretical and experimental characteristics of photo 


elements employing silicon p—n junctions to transform 
solar radiation into electrical energy. 


* * * 


Radiation Mechanics: Insolation, Spectroscopy, 
Spectral Distribution 


Krat, V. A., “Photographic Method Used im Solar 
Spectrography.””. J. Sei. Appl. Phot. Cinemat., 
USSR. 9 p. Translation. 


The paper discusses the variety of proble ms arising out of 
attempts to use photographic methods in solar spectrography. 
Nevertheless, when spectra of separate solar details are de 
sired within a wide range of wavelengths, the photoelectric 
method can not compete with the photographic method. The 
evaluation of solar spectrograms at present consists chiefly 
of careful photometry of spectral lines. Two somewhat con- 
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tradictory qualities are required of the emulsion of the pho- 
tographic plate. The emulsion must be as fast as possible and 
have fine grain. Coarse grains are a serious handicap on the 
spectrogram in the accurate photometry of lines and especially 
in the narrow lines of Fraunhofer’s spectrum. A high speed 
of the photographic emulsion is needed in order that very short 
exposure times may be made. At the same time it is important 
that the emulsions have a maximum speed at exposures of 
0.1-0.5 second. A photographic material which would be four 
times faster than that now available is necessary for working 
with light fluxes obtainable with a telescope equipped with a 
mirror having twice the area of the telescope mirror used now. 
Often the problem of increasing the size of the mirror is in 
soluble. Increasing the speed of photographie materials is 
the most important goal of technical photography at the 
present time. Without solving this problem, no serious im 
provement can be expected in the application of photography 
to astronomy. 


* * * 


Yaroslavtsev, I. N., ‘Fluctuations in the Amount of 
Heat from the Radiation of the Sun and Sky and 
the Distribution of the Energy from that Radiation 
in Daytime, for Tashkent.”’ Symposium on Utiliza- 
tion of Solar Energy. \0 p. Translation. 

Common specific problems, not related to any particular 
solar unit or method of using solar energy, are discussed. 

*« * 

Economic, Social, Cultural Parameters of Solar 
Energy 

Baum, V. A., “Possibilities of the Utilization of Solar 
Energy.”’ Symposium on Utilization of Solar Energy. 
24 p. Translation. 

This article familiarizes the reader with the status of the 
practical use of solar energy and its potentialities to date. 
Some projects dealing with the utilization of solar energy in 
the USSR. The use of ‘‘hot box’’-type installations. The use 
of mirror installations. The utilization of solar energy to heat 
apartments. Investigations in the field of creating large solar 
heating stations. Trends in projects abroad. Status of the 
practical use of solar energy and its potential prospects. 


* * 


* 


Poyarkov, 8. G., “Technical and Economic Indicators 
of Solar Installations.” 23 p. Translation. 

The growing needs of the USSR national economy make it 
necessary to expand the production of energy. One of the pos- 
sible supplementary sources of energy could be solar radiation, 
the use of which was shown by several experimental and 
computational investigations to be profitable in satisfying 
some of the power needs of the population of our southern 
republics. With large-scale use of solar radiation, a great 
amount of fuel could be freed for other purposes—in the 
chemical, the metallurgical industries, ete. 


* * 

Accessories: Batteries, Tracking and Control 
Systems 

Garf, B. A., “Rotation Mechanisms for Portable Solar 

Units.” 29 p. lus. Translation. 


Common specifie problems, not related to any particular 
solar unit or method of using solar energy, are discussed. 


Garf, B. A. and Khuntsariya, R. K., “A Parabolic- 
Cylindrical Installation with a Productivity of 40 
Liters of Boiling Water per Hour.” 7 p. Illus. Trans- 
lation. 

According to rough calculations, the cost of the installation, 


with series production, is estimated to be 3500 rubles and can 
be lowered by simplifying the rotation mechanism. 


Materials and Production 
Nechayev, Yu., “The Development of Jet Engines,” 
Soviet Aviation, No. 293, Dee. 16, 1958. 1p. Transla- 


tion. 


Analyzing the development of jet engines, described in 
foreign press, the author mentions that the engines may in 
crease their efficiency at the expense of new sources of energy, 
i.e., by utilizing the nuclear and solar energy. Light-weight 
gases, ionized matter and the energy of light should be the 
working elements (exhaust products) of those respective 
engines. 


Veynberg, B. V., “The Spectral Characteristics of 
Solar Radiation.”” 12 p. Dlus. Translation. 


Using coatings for heating surfaces, as well as the usual 
glass, virtually does not reflect long-wave radiation emitted 
by the heating surfaces and elements of transparent insulation 
in solar units. There apparently exist ways of decreasing heat 
loss. For this, it is necessary to study the heating surfaces and 
insulation glass of solar heating units. 


Geophysical and Meteorological: Weather, Cli- 
mate, Sundials, Telescopes, Magnetism, and 
Gravity 

Gnevyshev, M. N., Gnevsheva, R. 8., ‘Contribution 
to the Question of the Solar Corona and Promi- 
nences,’ Doklady Akademii Nauk SSSR, Vol. 94, 
No. 4, 1954. 6 p. Translation. 


It may be that the appearance of prominences is connected 
with brief intensifications of the magnetic field in an active 
region. These intensifications are due to surges of great masses 
of matter from the chromosphere, which either describe tra 
jectories along the lines of foree, or are dissipated when the 
electromagnetic fields weaken. The great density in these 
surges is the cause of the fact that with respect to radiation 
their properties remain characteristic for the chromosphere. 


* * * 
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Photosynthesis of Hydrogen Peroxide by Crystal 
Phosphors 


V. A. Garten and K. Eppinger 


Commonwealth Scientific and Industrial Research Organization, Melbourne, Australia 


The photosynthesis of hydrogen peroxide in the 
presence of zine oxide, cadmium sulphide or basic 
zine carbonate, as a means of storing solar energy, 
is re-examined. It is shown that with due allow- 
ance for losses of incident energy by the processes 
of reflection and luminescence, a maximum 
quantum yield of 0.5 can be obtained when no 
nonluminous transitions are incurred. Of the two 
quanta required to produce one equivalent of hy- 
drogen peroxide, one is consumed to excite an 
electron whilst the other is, most likely, used to 
release a negatively charged oxygen or water 
molecule from the surface of the solid catalyst. 

The central problem in the recovery of hydrogen 
peroxide from these systems lies in the efficient 
removal of hydroxyl free radicals which are pro- 
duced in concentrations equivalent to -OOH or 
H+, the precursors of hydrogen peroxide. As the 
expenditure of chemical potential required to take 
care of -OH is greater than the gain in free energy 
due to the generation of P’.O., these processes, and 
others based on the same electronic processes, 
must be considered thermodynamically 
sound. 


INTRODUCTION 

Photolysis of water, catalytic reduction of oxygen in 
light and, more generally, photochemical reactions with 
appreciable positive changes in free energy have in the 
past been suggested as potential methods of converting 
solar energy. 4 

It has also been generally realised that the efficiency 
of such chemical systems is controlled mainly by (1) the 
change in free energy, (2) the quantum yield, (3) the 
spectral range of absorption. 

The present paper deals with the particular problem 
of the photosynthesis of hydrogen peroxide by various 
crystal phosphors, viz., zine oxides, cadmium sulphides, 
and basic zine carbonates. The physical characteristics 
of the semiconductor-catalysts, viz., luminescence, re- 
flection, and photoconductivity and its quenching by 
oxygen will be discussed and the basic limitations of a 
typically “non-structured” system, i.e., suspension of a 


catalyst in the reaction medium, will be briefly outlined 
with particular attention to the electron transfer 
mechanisms and the role of so-called “inhibitors” or 
“additives’’. 


THE PHOTOCHEMICAL ACTIVITY OF ZnO 
AND CdS AS A FUNCTION OF LUMINES- 
CENCE, PHOTOCONDUCTIVITY AND OXY- 
GEN QUENCHING 
All previous work on the photochemical activity of 

ainc oxide and cadmium sulphide appears to have been 
performed with materials of either varying commercial 
origins or materials obtained in the laboratory by 
precipitation methods, irrespective of the degree of 
purity despite its unique importance in semiconductor 
physics. Materials used in the present work were zine 
oxide analar (ex B.D.H.) which was submitted to 
different temperatures in mildly oxidizing and reducing 
atmospheres respectively, in order to induce various 
degrees of self-activity, and cadmium sulphide, lumi- 
nescent pure (ex Avonmouth Smelting) which was ac- 
tivated in a similar fashion. 

Figure 1 shows the effect of reduction at increasing 
temperatures on the excitation spectra of zine oxide 
with an excitation maximum at 380-385 mu that grows 
more pronounced the higher the temperature of re- 
duction becomes. Excitation in the range of 300-400 mu 
invariably results in the well-known yellowish-green 
emission with a broad maximum at 505 my with no 
indication of spectral shifts. Figure 1 has been con- 
structed on the basis of an energy yield of 19.5°% with 
365 mu excitation, as given by Schleede,°® with the neces- 
sary corrections for the spectral variation in the emis- 
sion intensity of the tungsten excitation source, the 
variation in the spectral response of the 931 A photocell 
and the transmission of the exciting radiation by Kodak 
Filter No. 4. It may be noted in passing that the ob- 
served excitation peak coincides with the additional 
emission by zine oxide under cathode ray bombardment. 
Conversely, the character of emission of cadmium 
sulphide changes markedly with the degree of reduction ; 
beginning with two distinct bands, green and red, at 
500 C and proceeding towards the infrared end of the 
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spectrum with the simultaneous loss of the green band 
on reduction at higher temperatures (lig. 2). 

In order to relate the number of electrons available 
for chemical reaction to photoconductivity and fluores- 
cence we used monochromatic excitation of the zine 
oxides with the 365 muy line of a mercury discharge lamp 
with Jena filters UG2 (2 mm) and BG12 (4 mm). Let 
the photochemical vield Q, be defined as the equivalents 
of hydrogen peroxide produced per litre and second by 
a radiation of \ = 365 mu incident on 1 em? of area of 
the solid catalyst. The catalyst was suspended in water 
in such a concentration and stirred so as to produce a 
maximum vield of hydrogen peroxide. Usually, 200-400 
mg catalyst /25 ee were found sufficient for this purpose. 
It was assumed that under these conditions no trans- 
mission of the excitation light occurred. Then we would 
expect the relation: 

furthermore: 
Favs. = Evotai — En. — Ereti [2] 
where Eyota; is the number of einsteins incident on 1 
em? of the exposed area of the catalyst per second, 
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1—Excitation spectra of self-activated zine oxides (acti 
vated in the region of 600-1000 C). 


Rel Densities 


9000 8000. 7000 S500 A 


Fic. 2—Luminescence emission of self-activated cadmium 
sulphides (activated in the region of 500-900 C). 


I} ,.. that absorbed by | em? of catalyst area per second, 
ky. and £,... those parts re-emitted either in the form 
of fluorescence or reflection. Co, is the coefficient of 
oxygen quenching of the photoconductivity, represent- 
ing that fraction of photoconductivity attributable to 
surface electrons only. In most zinc oxides this coeffi- 
cient is only slightly smaller than unity. Conversely, 
water vapour seems to increase the photoconductivity 
of zine oxide, as we observed repeatedly. (The photo- 
conductivity and the degree of its quenching by oxygen 
were determined on powdered samples in contact with a 
silver grid of 2 mm spacings which was attached to the 
front window of a silica cell and which was biased with 
10 v at 50 ¢.) The factor }y in Eq. [1] is based on the 
assumption that two einsteins are required to produce 
one equivalent of O.~, the first one being used to raise 
electrons into the conduction band, where they can be 
quenched by oxygen, the second one to desorb Oz 

This concept is in agreement with a quantum yield of 
nearly 0.5, as observed by previous workers.* The total 
number of quanta of X = 365 my incident on | cm? of 
exposed catalyst area, in einsteins per second, was ob- 
tained actinometrically by the potassium-ferric-oxalate 
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Sample 


Qx (cale.) 
Qa (exp.) 


Analar 


TABLE | 


600 red. 


0.05 X 
X 
10-5|4.92 X 

0.998 
10~*|2.46 X 
10°51.76 X 

0.36 


(00 red. 


X 
10°80.59 X 
X 
0.995 
107°\2.38 X 
xX 
0.36 


800 red 


.28 X 
4.23 X 
.992 
2.10 X 
48 X 

0.35 


900 red 


810.55 X 
811.49 X 
813.46 X 
0.976 

811.69 X 
xX 
0.39 


1000 red 


$1.10 X 
82.04 X 
812.36 X 
0.922 

51.09 X 
81.09 X 
0.50 


Photochemical Yields of HO. with ZnO-Catalysis 


2.03 


6006x 


10006x 


ZnO(Mn 
1000 red 


TABLE 2 


Sample 400 red, 


(einsteins/sec.) 0.84 1078 
Ex. (einsteins/sec.) 0 0 
(einsteins/sec.) 2.66 10° 
approx. 1 
1.33 107-8 
0.61 10-5 
0.23 0.17 


Coz 

(eale. from {1]) 
Qa (exp.) 


method? to: 
Bota) = 5.50 X 10> einsteins/em2-sec 


The values /,,.. in Table 1 were calculated from the 
fluorescence energy yields shown in the excitation 
spectra of zinc oxide in Fig. | and determinations of re- 
flection losses based on the MgO standard with 95% 
reflection of the 365 muy line. 

Zine oxide (Analar) and the same specimen after 
being heated in a mildly reducing atmosphere at 1000 C 
to produce maximum fluorescence (ZnO, 1000,..4.), both 
show very good agreement with the theoretical vield of 
0.5, when energy losses due to reflection and fluorescence 
are taken into consideration, whereas all other speci- 
mens do not (Table 1). We note the particularly great 
discrepancy of the zinc oxide that has been doped with 
manganous ions before being heated in a_ mildly 
reducing atmosphere at 1000 C (ZnO(Mn)). This ma- 
terial also shows very little photoconductivity as com- 
pared with ZnO Analar or ZnO, 1000,.4.. It is sug- 
gested, therefore, that here a considerable amount of 
the absorbed energy is degraded into lattice vibrations, 
since the incident energy is not balanced by those parts 
lost by reflection and the production of conducting 
electrons as represented in the photochemical vield. The 
same reasoning would apply to the rest of the samples 
showing quantum yields markedly smaller than 0.5. It 
is reasonable to assume that with increased heating in 
an inert, or mildly oxidizing atmosphere the degree of 
crystallization will increase and thus facilitate non- 
luminous transitions. On the other hand, there is good 
evidence for the mechanism suggested by equations [1] 
and [2] in those instances where the expenditure of the 
incident energy can be quantitatively accounted for. 

In the experiments with cadmium sulphide, fluores- 
cence yields were obtained by integration of the fluores- 


500 red. 


0.84 1078 


2.66 X 10-8 

approx. 
1.33 X 1078 
0.45 107% 


Photochemical Yields of H2O. with CdS Catalysis 


600 red 700 red 800 red, 900 red 


1.15 10 1.69 10 80 X 
0.04 10 0.04 10 .04 X 
2.41 X 10 1.87 X X 
1 approx. | approx. 1 ? 
1.20 K 10 0.94 X 10 .88 X 
1.30 10 1.00 XK 10 xX 
0.54 0.53 


cence spectra shown in Fig. 2, based on a 19.5% fluores- 
cence yield of ZnO (activated in a mildly reducing 
atmosphere at 1000 C) on excitation with 365 my as 
a secondary standard. 

Markham, et al.,> have shown that cadmium sulphide, 
on exposure to U.V. is rapidly oxidized to cadmium 
sulphate. Thus, the photochemical production of hy- 
drogen peroxide in the presence of cadmium sulphide is 
not entirely catalytic, the semiconductor being gradually 
decomposed with concurrent loss in activity. It appears 
from the present work that this is due to the combined 
action of -OH free radicals produced by 


CdS*+ + OH- — Cds + -OH, 


followed possibly by some reaction of hydrogen peroxide 
with both CdS and H.S and intermediately formed 
sulphite ions. Since the stoichiometry of these reactions 
is still open to doubt no accurate predictions of 
quantum yields can be made on the basis of chemical 
mechanism. In any case, the loss of activity of CdS 
through conversion to CdSO,, coupled with the removal 
of hydrogen peroxide by reaction with CdS, H.S, and 
SO,” would suggest quantum yields smaller than 0.5. 
Results given in Table 2 show that in the relatively 
short runs of 30 min that were used in the experiments 
of photochemical production of hydrogen peroxide by 
cadmium sulphide with 365 my excitation, the catalytic 
activity of cadmium sulphide is fully maintained, giving 
quantum yields of approximately 0.5 with the Cds 
specimens activated at 600-700 C. A remarkable feature 
of CdS 800 and CdS 900 is that in these instances 
oxygen did not exert quenching but rather activation of 
photoconductivity despite the fact that point contact 
rectification experiments indicated an n-type semi- 
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Fic. 3—Luminescence emission of basic zine carbonates. 


THE PHOTOCHEMICAL ACTIVITY OF BASIC 
ZINC CARBONATE AND ITS RELATION TO 
PHOTO-EMF AND RATE OF WATER ABSORP- 
TION 
In 1944, Chari and Qureshi* found that zine carbonate 

is a solid catalyst at least as efficient as zine oxide for 

the photosynthesis of hydrogen peroxide. 

In the present study, zine carbonate (laboratory re- 
agent ex B.D.H.), which is, in effect, basic zine car- 
bonate of the approximate composition ZnO-2ZnCO, 
hydr., has been decomposed stepwise by continued 
heating in air at 210 C. The effect of this treatment on 
the phosphorescent spectral emission is shown in Fig. 3. 
The phosphorescence emission changes from a strong 
bright blue (with weak yellow and orange-red bands) 
to a strong orange-red with the simultaneous loss of the 
original blue band on prolonged heating. Phosphores- 
cence energy vields have again been obtained by stand- 
ardization with ZnO (1000,.4.). The electrical conduc- 
tivity in air of basic zine carbonate is extremely weak 
in the dark and shows only very little response to 
radiation. Neither can oxygen quenching be studied un- 


ambiguously with this material as it cannot be exposed 
to vacuum. The results in Table 3 are given in terms of 
energy yields 
AF 

[3] 
Eaves. 
where /,.. is the energy absorbed by 1 em? of exposed 
area of the catalyst in keal/sec. and AF is the cor- 
responding increase in free energy of the system due to 
the formation of H.O.. In the experiments with basic 
zine carbonates unfiltered U.V. was used as an excita- 
tion source, the energy of which was calibrated with a 
thermopile. The energy yield is seen to pass through a 
broad maximum at 65-75 mole % ZnO content of the 


Q = 


basic carbonate. 

The strong oxygen quenching of the photoconduc- 
tivity of zine oxide and cadmium sulphide suggests that 
electron transfer to oxygen rather than to water is the 
primary step. Conversely, the rates of water adsorption 
by basic zinc carbonates, shown in Fig. 4, might be 
taken as an indication that here the electron transfer 
proceeds directly into water, producing hydroxyl ions 
and atomic hydrogen. 

The magnitude of photo-emf imposed on a bright, 
Os-saturated, platinum electrode coated with zine, 
rarbonate on gelatin shows close analogy to photo- 
chemical activity as is also seen in Fig. 4. Its observed 
reversibility in the dark can reasonably be assumed to 
indicate an increase in the ionization of adsorbed water 
under the effect of radiation. This phenomenon would 
thus be somewhat akin to the so-called ‘‘suspension pH” 
of hydrated zinc oxide which was found to be much 
greater than that of Zn(OH)s. 

In the self-activated zine oxides and cadmium 
sulphides the interstitial metal is generally considered 
to provide defects of the electron-donor type. In zine 
‘carbonate defects are more likely to be due to vacancies 
produced by the removal of COs. 


MECHANISMS 

With a change in the standard free energy of approxi- 
mately 25 kcal/mole and a quantum yield of nearly 0.5 
for radiation of \ < 400 mu, the reaction 

H.O + 1402 — HO, 
has been considered as one of the most promising for 
the photochemical conversion and storage of solar 
energy, provided that the useful spectral range could be 
expanded, e.g., by the adsorption of suitable organic 
dyes on the surface of the solid catalyst. 

Whether hydrogen peroxide is produced by the pri- 
mary transfer of an electron from the photo-excited 
catalyst to oxygen 

hy + ZnO + ZnO* + 
+ H+ + OH- > -OOH + OH- (5| 
ZnO* + OH- — ZnO + -OH 


7 
| 
VOL. 
5 
: 1961 
80 


Le 
1 


TaBLe 3—Photochemical Activity of Basic Zine Carbonates 


Sample I II 


Mole % ZnO 56.9 62.1 
292 X 10 
3 
2 


404 X 10 2 

26 X 107 

1.25 X 
0.005 


(Evert. + Efi.) (keal/em?-sec) 


(keal/em?-sec) 8 x 10° 
AF 5 


Qx’ (eale. from [3]) 0.004 


as suggested, e.g., by Calvert et al.,!° or to water 
hy + ZnO + HO — ZnO* + -H + OH- 
-H + O. > -OOH [6] 
ZnO* + OH- — ZnO + .OH 


as proposed earlier, e.g., by Markham and Laidler" 
appears, prima facie, not so important as the eventual 
fate of the hydroxy! free radical, which invariably forms 
as a result of the regeneration of the catalyst. It has 
been well established that the presence of both oxygen 
and an organic ‘‘additive”’ is essential for the formation 
of hydrogen peroxide in irradiated suspensions of zine 
oxide.® Occasional statements to the contrary! can 
well be explained by the great difficulty of quantita- 
tively displacing oxygen by another gas or by evacu- 
ation at room temperature’ and by the equally great 
difficulty of completely excluding impurities that would 
react with -OH. 

From the fact that H.Oz, when added to the system 
ZnO-H.O-additive at low supplies of oxygen is rapidly 
decomposed, Rubin et al.,° deduced that the ‘‘additive”’ 
does not perform the function of a ‘‘stabilizer’”’ for hy- 
drogen peroxide, and they preferred to formulate the 
overall reaction, e.g., in the presence of oxalate ion as 
the ‘‘additive,”’ as: 

O. + 2H.O0 + C.0,- H.0. + 2HCO;- [7] 
expressing the action of ZnO as that of a catalyst for the 
occurrence of a normally exothermic reaction, viz., the 
formation of hydrogen peroxide as a byproduct of the 
‘atalytic oxidation of oxalate ion by oxygen. 

With oxalate ion as the organic substrate in the 
system hy — (ZnO-H.O-Os), we confirmed that the 
formation of hydrogen peroxide and the disappearance 
of oxalate ion are nearly equivalent, as is shown in 
Table 4 for various zine oxides. The function of oxalate 
ion is obviously that of a scavenger for hydroxy] free 
radicals, which would otherwise interfere with the pro- 
duction of hydrogen peroxide by interacting with 
‘OOH: 

OOH + -OH — H2O + Op [S| 


In the presence of more effective free radical scavengers, 
e.g., hydroquinone or 3,4,5-tripropoxy-benzoic acid, 
hydrogen peroxide yields were reduced, probably due to 
a reaction of the scavenger not only with -OH but also 
with -OOH. When -OH is effectively removed, the 
formation of hydrogen becomes possible by the dis- 
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TABLE 4+—Equivalence of Production and 
Substrate Consumption 


H2O2 formed 
(moles/l) = b 


CO, consumed 


Sz 
ample (moles/l) = a 


0.000927 
0. 000907 
0.000453 
0.000418 
0.000234 
0.000224 


0.00112 
0.00112 
0.000513 
0.000478 
0.000284 
0.000274 


ZnO Analar 
ex B.D.H. 
ZnO 1000 R. 


ZnO(Mn) 


proportionation : 
2 -OOH > HOOH + 0, (9] 


It appears, then, that the photochemical production of 
hydrogen peroxide on n-type semiconductor surfaces is 
strictly dependent on the effective removal of hydroxy] 
free radicals. This would require the presence of some 
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cheap organic ‘‘additive”’ in a concentration equivalent 
to the hydrogen peroxide formed. 

With a quantum vield of 0.5, 1 mole H.OQ,. formed 
would involve the absorption of 2.4 X 10** quanta of 
A = 385 mu, being the maximum excitation line as 
shown above; this is equivalent to the absorption of 300 
keal mole. Conversely, 1 mole of HO. formed repre- 
sents an increase in Standard Free Energy AF 295 of 25 
keal. This would, at first sight, suggest an energy yield 
of 8.3°°. However, the removal of -OH by reaction with 
a scavenger, e.g., benzene, according to 


2 -H + benzene — phenol + H.O [10] 


involves a further unavoidable expenditure of energy, 
i.e., chemical energy of 40 keal mole, in addition to the 
adsorbed radiation energy of 300 kcal/mole, in order to 
recover 25 kcal/mole in the form of hydrogen peroxide. 
This demonstrates the intrinsic difficulties of the photo- 
chemical synthesis of hydrogen peroxide as a solar 
energy converting device. The same reasoning would 
rule out possibilities of alternative reactions involving 
the transfer of electrons from illuminated zine oxide, or 
other n-type semiconductors, to suitable electron ac- 
ceptors, as envisaged by some workers in the past,? and 
also the use of sensitizing dves on e.g., zine oxide, sug- 
gested more recently, since these would soon be 
destroyed by -OH. 
CONCLUSIONS 

In all instances considered in this paper, luminescence, 
short or long-lived, visible or infrared, has been found to 
result in a loss of photochemical efficiency of a solid 
catalyst. Conversely, surface photoconductivity which 
is accessible to oxygen quenching, represents the acti- 
vated state essential for the photosynthesis of hydrogen 
peroxide via O.- in both zine oxide and cadmium 
sulphide. The nature of the electrons produced by ex- 
citation of basic zine carbonate, which can be utilized 
chemically, is more difficult to envisage at present. 
These electrons do not appear to be of either the lumi- 
nescent or the conductive types. The study of photo- 
emt and rate of H.O-adsorption suggests that it is water 
that acts as an electron acceptor in basic zine car- 
bonate. However, in zinc oxide, neither water held 
randomly by physical forces nor that forming distinct 
chemical bonds with the matrix in the form of hydroxy] 
groups, appears to be photoelectrically active. Thus, 
Hoja found that small amounts of water of hydration 
are necessary for the photoelectric sensitivity of zine 
oxide. Conversely, zine hydroxide is photochemically 
quite inactive. We would, therefore, suggest that in 
basic zine carbonate also, water of co-ordination is in- 


volved in the electron transfer mechanism. 


The formulation of the over-all reaction as involving 
the participation of a solid catalyst implies that the 
photochemical reduction of oxygen, or water, does not 
result in the permanent oxidation of the catalyst, but 
rather allows its eventual return to the original neutral 
state, which can only be achieved by the simultaneous 
oxidation of some suitable substrate. Since the second 
half of the reaction cycle requires the expenditure of 
chemical potential greater than that obtained by the 
gain in free energy of the system by the synthesis of 
hydrogen peroxide, it seems a fallacy to consider the 
photosynthesis of hydrogen peroxide by crystal phos- 
phors as a means of converting solar energy. In bulk 
reactions, such as those considered in the present study, 
and others characterized by the absence of structural 
elements, an efficient generation of a reduction equiva- 
lent is not likely to sueceed as this will always tend to 
react with the simultaneously produced oxidation 
equivalent. In the photosynthesis of hydrogen peroxide, 
-OH is the oxidation equivalent, whereas -OOH must be 
regarded as the reduction equivalent. Their interaction 
can be prevented by the thermodynamically expensive 
use of a scavenger for -OH. In systems where oxygen is 
the oxidation equivalent, the problem is reduced to an 
elimination of oxygen not by chemical means but 
rather by its spatial separation from the reduction 
equivalent. This, it seems, could practically be achieved 
only by the use of catalysts in the form of laminated 
structures with all the complexities and costs involved 
in their preparation. 
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The Present State-Of-The-Art of Photovoltaic 


Solar Energy Conversion’ 


The present state-of-the-art in photovoltaic 
solar energy conversion, in particular, as applied 
for space vehicle power supplies is summarized. 
Past and future development goals are: lower 
weight-to-power and cost-to-power ratios, higher 
reliability, and increased useful lifetimes. Diffi- 
culties with photovoltaic solar energy converting 
devices were encountered in their classification 
based on exact determination of the power output 
and efficiency in “‘standard”’ sunlight, and by a 
reduction of their useful life expectancy due to 
radiation damage encountered in the Van Allen 
belts and in solar flares. Remedial actions in 
progress are outlined. Recent improvements in- 
troduced on the present standard device, namely, 
the silicon solar cell are discussed. They include 
application of metallic grids for the reduction of 
series resistance and change of the p-layer thick- 
ness for improved spectral response. Further, at- 
tempts to develop methods for preparing large 
area and thin film silicon solar devices are re- 
viewed, and finally a survey is given of the progress 
made in the application of other semiconductor 
materials to solar photovoltaic energy conversion. 
Here the work on cadmium sulphide solar cells 
stands out due to the achievement of solar con- 
version efficiencies of up to 44% on thin film cells. 


INTRODUCTION 


Since photovoltaic solar energy conversion is the 
mechanism for obtaining electrical power utilized on all 
major space programs undertaken in the past, presently 
underway or contemplated for the next few years, it 
appears to be a timely task to summarize the present 
state-of-the-art in this field. The major goals of the 
development work undertaken on devices based on this 
mechanism were: lower weight-to-power and cost-to- 
power ratios, higher reliability, and increased useful 
lifetimes. It is interesting to review in the light of the 
experience gained the difficulties encountered with 

* This paper was prepared and presented at the 1961 Winter 
Convention on Military Electronics while employed with 
Hoffman Electronics Corporation, Semiconductor Division, 
Monte, California. 


M. Wolf 


Heliotek Corporation, Sylmar, California 


these devices, and the corrective measures undertaken. 
This will be followed by a discussion of the improve- 
ments introduced on the present standard device, 
namely, the silicon solar cell. Further attempts to 
develop methods for preparing large area and thin film 
silicon solar devices will be reviewed, and finally a 
survey will be given of the progress made in the applica- 
tion of other semiconductor materials to solar photo- 
voltaic energy conversion. 

Essential contributions to the analysis of the photo- 
voltaic effect or of the device operation have not been 
made during the last year, with the exception of a new 
explanation for the operation of the cadmium sulfide 
solar cell.! In view of the length of this paper, only 
references to previous publications will be given for 
the whole complex of the device analysis.2: * 


DIFFICULTIES EXPERIENCED WITH THE 
SILICON SOLAR CELL AND CORRECTIVE 
MEASURES UNDERTAKEN 

The difficulties experienced with the silicon solar 
cells during the last year were of a twofold nature. 
The first of these problems is the measurements prob- 
lem, which was encountered because of the introduc- 
tion of insufficient sunlight simulation for the perform- 
ance determination of silicon solar cells, coupled with a 
variation in the spectral response of these devices. The 
second problem is due to the presence of intense nuclear 
radiation fields in the space surrounding the earth, 
causing a very substantial decrease in the useful life- 
time of silicon solar cells in certain orbits. Without 
this radiation, the lifetime would be much longer than 
needed for any practical purpose. 


The Problem of Performance Measurements on 

Solar Cells 

Since the prime objective of the solar cell is to convert 
solar energy into useful electrical energy, the basic 
performance measurement has to be connected with the 
solar radiation. The standard instrument used for the 
determination of the energy content in the solar radia- 
tion received is the pyrheliometer. The principle of the 
measurement is to obtain the electrical output of the 
solar cells in sunlight using the pyrheliometer as the 
calibration instrument. Difficulties are already encoun- 


. 
3 
. 
Le 
6] 
ds 
ay 
‘ 
4 
A 
‘ 
83 


tered at this point. The pyrheliometer measurement is 
dependent on the ambient temperature as well as on 
the tilt of the device. A few other unknown variables 
also seem to afflict the measurements, besides variations 
found in the basic calibration of the instrument. The 
result is an uncertainty in the pyrheliometer readings of 
several per cent for the 90% confidence level. Another 
bigger problem area is the variation of the spectral 
distribution of the sunlight. Variations in the intensity 
of the sunlight as received on the earth’s surface are due 
to various amounts of attenuation in the atmosphere. 
Since the atmosphere is not a neutral attenuator, the 
intensity variations are always connected with changes 
in the spectral distribution, and even various spectral 
distributions with the same integrated light intensity 
are not infrequently found. Since the pyrheliometer is a 
relatively flat receiver, while the solar cell is a selective 
receiver, discrepancies in the solar cell output measure- 
ments are normal. Such discrepancies have been ob- 
served to reach as much as +10 between different 
measurements performed on the same cell. 

Since measurements as described above are too de- 
pendent on weather conditions to be useful for produc- 
tion and regular inspection purposes, a measurement 
method capable of being performed at all times in the 
laboratory had to be devised. Tungsten light sources 
have been found in the past to be the most suitable 
artificial sources because of their superior stability in 
short as well as in long term respect. The spectral 
distribution of this light source can readily be main- 
tained constant by measurement of the color tempera- 
ture and by regulation of the input power. The desired 
light intensity is then obtained by varying the distance 
between the source and the object. Repeatability of 
solar cell measurements with such tungsten light 
sources within +1‘ over periods in the order of a 
day and within +27 in long term with respect to the 
90°; confidence level has been achieved. The color 
temperature of these tungsten light sources is now nor- 
mally set to 2800° + 50°K, while the intensity is ad- 
justed by means of so-called standard cells which have 
been calibrated in sunlight, as described above. The 
parameter used on the standard cells for this light in- 
tensity transfer is the short circuit current. 

If all solar cells would have exactly the same spectral 
response, then such a transfer from one source with a 
specific spectral distribution to another with a com- 
pletely different spectral distribution would be per- 
fectly valid. 

Figure 1 shows, for comparison purposes, a nor- 
malized spectral distribution of sunlight as it is received 
outside the earth’s atmosphere,’ and the spectral distri- 
bution of a tungsten light source with a color tempera- 
ture of 2800° K. It further presents the spectral distribu- 
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. 1—Normalized spectral distributions of sunlight as re- 
ceived outside the earth’s atmosphere and of light from 
a tungsten filament lamp of 2800°K color temperature, 
direct and through a 3 em thick layer of water. Also the 
average spectral response determined from 400 Hoffman 
silicon solar cells type 120 CG of the 9-13°% efficiency 
classifications, together with the extreme spectral re- 
sponse curves found in this group. 


tion of the same tungsten light after passage through a 
water layer of 3 cm thickness.‘ 

It has been found, however, that a considerable 
spread exists in spectral response between various 
production cells. This spread causes some uncertainty in 
a measurement method involving a variation of the 
source spectrum. Figure 1 also shows the average spec- 
tral response of the typical silicon solar cell as produced 
throughout the year 1960. This average response curve 
was determined from a sample of 400 production cells, 
having efficiencies between 9 and 13°. Two other 
curves show the extremes of the spectral responses 
found in the same study. If one chooses for the prepara- 
tion of the standard cells, however, to use cells having 
a spectral response very close to the average of the pro- 
duction spread, then the average measurement should 
be proper with a symmetrical deviation for the produc- 
tion spread. 

It has, however, been found recently that the average 
spectral response of the production solar cells can 
fluctuate with time. The result of this is that improper 
measurements can be obtained at certain times for the 
whole production by use of the tungsten system. Such a 
difficulty has been experienced recently. Since the selec- 
tion, preparation and calibration of standard cells is a 
very tedious and time consuming process, it appears 
impractical to prepare standard cells whenever a 
fluctuation of the production spectral distribution is 
experienced. 

The ideal solution to the afore-mentioned problem 
is the creation of a “sunlight simulator.” With this 
name, a light source is meant which exhibits the same 
spectral distribution and intensity as observed in the 
solar radiation. Such light sources which have to meet 
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the conditions of extremely close resemblance to the 
spectral distribution of the solar radiation, and of being 
capable of very good short and long term stability, are 
under development at various organizations. The best 
candidates at the present time appear to be: carbon 
ares, if efforts to obtain the needed stability will be 
successful; a plasma jet system developed by Mt. Ver- 
non Research Laboratories; and the application of 
xenon high pressure are sources combined with filters 
as under development at the present time separately by 
General Electric Company, Spectrolab, Inc., and the 
Hoffman Semiconductor Division. Prototypes of some 
of these sources are already finding limited application. 

These efforts of finding the proper light source are 
paralleled by meetings between representatives of the 
interested industries, with the objective of standard- 
izing methods and tolerances, and of resolving the 
problem encountered. 


The Radiation Damage Problem 


The second major problem encountered during the 
last vear with silicon solar cells in their application as 
power sources for space vehicles is due to nuclear radia- 
tion. Such radiation has been found to be continuously 
present in the space surrounding the earth in the Van 
Allen belts, and also to occur from time to time in the 
space outside these belts as the result of solar flares. 

The Van Allen belts consist of charged particles 
trapped in the geomagnetic field. The belts contain an 
inner zone with its heart near 10,000 km geocentric 
radius and an outer zone having its highest intensity at 
a geocentric radius of 25,000 km, both measured near 
the equatorial plane. The inner zone extends in the 
equatorial plane from an altitude of 600 km above the 
varth’s surface to an altitude of about 10,000 km. It 
consists of electrons which reach in the energy range of 
20 keV to 1 MeV an omnidirectional flux intensity of 
10° electrons/em? sec, and of protons which reach in 
energy up to about 1,000 MeV, and which reach in the 
heart of the inner zone an omnidirectional flux intensity 
of 2-10* protons/cm? sec for the energy range above 30 
MeV. The outer zone extends from an altitude of about 
15,000 km in the equatorial plane to about 70,000 km 
above the earth’s surface. It comprises chiefly electrons 
in the energy range of 50 to 5,000 keV and some protons 
with energies less than 1 MeV. The omnidirectional 
flux intensity for electrons with energies greater than 
20 keV reaches 10" electrons/cm? sec in the maximum 
intensity regions.® 

Due to the nature of the Van Allen belts, the inten- 
sity distribution of the charged particles follows quite 
well the lines of the geomagnetic field, as shown in 
lig. 2..° This figure also shows measurement points 
obtained with a scintillation counter mounted on the 
earth Satellite Explorer VI. Many measurements of 
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Fic, 2—Isointensity contours as observed by a scintillation 
counter on the Explorer VI satellite. 
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Fic. 3—Relative particle radiation intensities observed at 
different times by instruments traversing the outer re- 
gions of the trapped particle radiation zones. All meas- 
urements are taken by Geiger-Mueller tubes, except 
those for one curve, which was obtained using an ioniza- 
tion chamber on Explorer VI satellite. 


this sort have been carried out on various space vehicles 
with the different types of measurement instruments, 
like scintillation counters, Geiger tubes, photographic 
emulsions, and others. Figure 3, reproduced from 
reference’, shows a compilation of measurements ob- 
tained with different earth satellites. These data were 
obtained from Geiger counters on the listed satellites, 


except one curve obtained with an Explorer VI ioniza- 
tion chamber. The differences in the trajectories of the 
different vehicles were not sufficient to account for the 
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Fic. 4—Rapid fluctuations of particle count rates of a seintilla 
tion counter on Explorer VI satellite during a geomag- 


netic storm 


differences in the observed radiation intensities. It is, 
however, felt by the original author of the figure that 
the differences between the individual curves are 
attributable to temporal variations of the radiation 
intensity in the outer zone rather than to uncertainties 
of the measurement systems. 

The second type of radiation found is particles 
emanating from the solar flares, which consist  pre- 
dominantly of protons in the energy range of 30 MeV 
to 20 BeV. In a typically large event which may occur 
as often as once per year, peak proton intensities of 
1.5-10° protons em? sec with energies over 30 MeV 
have been observed. The integrated flux over one day 
measured in such a flare was 5-10° protons/cm? with 
energies above 30 MeV. Besides these relatively few 
events with highly intense proton showers, a larger 
number of smaller flares do occur, which give rise to a 
total yearly integrated flux intensity from solar flares 
of 10° protons cm? with energies above 30 MeV, as 
deduced from measurements carried out on the polar 
caps, where the geomagnetic field does not prevent the 
incidence of these particles. Figure 4"! shows the very 
rapid and heavy fluctuations of the particle intensity in 
the outer Van Allen zone during a geomagnetic storm, as 
they are connected with the solar flares. 

The effect of such charged particle radiation on solar 
cells and other semiconductor devices can be estimated 
from experiments carried out in various laboratories. 
Such experiments have been carried out with different 
types of particle accelerators using electrons and pro- 
tons. Results of such radiation damage experiments are 
shown in Fig. 5" which presents the current-voltage 
characteristics of originally 11‘ efficient silicon solar 
cells of standard type, as they were found to be before 
irradiation and after three different levels of bombard- 
ment intensities with 750 keV electrons. The result of 
irradiation is mainly a reduction of the short circuit 


current, and a lesser decrease of the open circuit voltage, 
which largely corresponds to the reduction in short cir- 
cuit current, similar to that occurring with a reduction 
of light level. Figure 6" shows that this radiation dam- 
age and decrease in short circuit current is accompanied 
by a change of the spectral response. Since all the curves 
are normalized, a possible difference in the total ampli- 
tude of the curves cannot be obtained from this set of 
information. It is, however, very evident that the long 
wavelength response of the solar cell gets successively 
lost with increasing amounts of bombardment. Figure 7 
presents the absorption coefficient as a function of wave- 
length of the incident radiation. It shows that at the 
longer wavelengths a large number of photons will pene- 
trate deeply into the crystal. This means that in order 
to obtain high collection efficiency at the long wave- 
lengths, large minority carrier lifetimes and corre- 
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Fic. 5—Current-voltage characteristics of a ‘‘p on n” silicon 
solar cell initially and after various irradiation dosages 
with 750 keV electrons. 
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Fic. 6—Relative spectral response of a ‘“‘p on n”’ silicon solar 
cell initially and after various irradiation dosages with 
750 keV electrons. 
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Fic. 7—Absorption coefficient a(\) of silicon as a function of 
wavelength. 


spondingly large diffusion lengths are necessary. This 
also means that the long wavelength response is pre- 
dominantly a response from the n-layer, while the short 
wavelength response with large absorption coefficients 
is based on contributions from the p-layer. Comparing 
now Fig. 6 with Fig. 8 which shows the collection effi- 
ciency (or spectral response for constant number of 
photons) as a function of wavelength,*: > © including its 
p- and n-layer contributions, it becomes evident that 
the major change is encountered in the n-layer, and that 
the minority carrier lifetime and the related diffusion 
length must have been affected by the production of de- 
fects in the single crystal through the particle radiation. 

It is now generally accepted that the result of high 
energy electron bombardment on single crystal struc- 
tures is the production of localized defects, while high 
energy proton radiation causes the destruction of nuclei 
and resultant generation of large defect clusters. Figure 
98 shows the transition from Rutherford type scattering 
of relatively low energy protons and the resultant pro- 
duction of localized defects to spallation at proton en- 
ergies above 200 MeV. The result of this high energy 
spallation process is a much larger contribution to the 
defect production by high energy protons, than would 
be expected from the older theories. 


COLLECTION EFFICIENCY 4(X) AS A FUNCTION OF 
WAVELENGTH, CALCULATED FOR SOLAR CELL® 3-329 
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Fic. 8—Collection efficiency (A) as a function of wavelength, 
calculated for solar cell no. 3-329. 
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Fic. 9—Energy dependence of the defect production in silicon 
using extrapolation from the Loferski and Rappaport 
data (ref. 14) by the Rutherford reciprocal energy rela- 
tion at low energy levels and superposition of the spalla- 
tion model at higher energy levels for proton irradiation. 


It has generally been found": 
with energies above 10 MeV and a total integrated dos- 
age of 10" to 10" protons/cm?, or a total integrated 
electron dosage of 10% to 10" electrons/em? having 
energies above 200 keV will cause a 25% degradation of 
the power output of p*n type silicon solar cells. Such 
doses may be accumulated by solar cells mounted on 


that proton flux 


space vehicles in equatorial orbits through the heart of 
the inner Van Allen belt in a matter of 10 to 20 days. 
Since, however, as shown in Fig. 2, the intensity distri- 
bution in the Van Allen belts is highly dependent on 
latitude as well as on altitude, it may be possible to find 
for many missions orbits in which the radiation level is 
sufficiently low as to assure long useful lifetimes of the 
solar cell power supplies. 
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Space probes may be launched so as to exit over the 
polar regions, or pass through other minima of the Van 
Allen belt particle distribution so that a minimum of 
radiation damage will be obtained during the early life- 
time of the vehicle. 

High energy proton damage due to solar flares, how- 
ever, may not be avoidable. These flares occur in a 
random pattern, and highly intense ones could cause 
considerable radiation damage in a matter of days. 
Fortunately, they do occur even at times of high solar 
flare activity only a few times per vear. The solar flare 
activity hasa periodic pattern, and a time of high activ- 
itv is just passing, so that major flares may not pose 
any problems for the next few years. 

Two approaches to the overcoming of at least part of 
the effects of nuclear radiation on space vehicle solar 
power systems are being pursued. It is possible to shield 
against electron radiation up to 1 MeV by using trans- 
parent covers over the silicon solar cells. These covers 
have to meet the conditions of absorbing the radiation 
without generation of color centers in sufficient number 
as to impede light transmission. Certain types of quartz 
have been found to be especially suitable for these pur- 
poses when used in thicknesses of about .060 to .070 
inches. It is also known that the presence of quartz or 
glass cover plates of practical thicknesses is not sufh- 
cient to shield effectively against high energy protons, 
and it is expected that rather to the contrary spallation 
effects taking place in these covers at very high energy 
proton bombardment will increase the resulting damage 
to the silicon solar cells. More recently experiments were 
directed towards the application of organic films having 
a large content of hydrogen atoms, which have a high 
electron absorption cross section. These films also show 
only negligible transmission loss due to radiation dam- 
age. 

Another approach to the reduction of radiation dam- 
age has resulted from the work of Mandelkorn and co- 
workers!’ who prepared solar cells by phosphorus diffu- 
sion into boron doped p-type base material. It has beet 
found that these n*p cells are somewhat less susceptible 
to radiation damage than the standard cell having a 
boron diffused layer on arsenic doped base material. 
The exact magnitude of this improvement is not known 
at this time, but a factor of two at least seems to have 
been observed in all experiments. There is evidence that 
p-type material, and especially boron doped material is 
less susceptible to the generation of defects by nuclear 
radiation than n-type material is. Since the effect of 
radiation damage will be noticed first on deep lying 
material, as outlined above, it is important to choose 
material of a resistant type for the base. The high im- 
purity concentrations present in the very thin diffused 
laver cause a low minority carrier lifetime in this layer, 


with the result that larger defect concentrations gen- 


erated by particle bombardment can be tolerated with- 
out observable effects on the minority carrier lifetime 
if compared to higher resistivity and lifetime material. 
The drift field normally existing in the shallow diffused 
layer due to the impurity gradient, also contributes to 
the tolerance of larger radiation dosages by the diffused 
laver in comparison to the base layer. 

Annealing and defect clustering appear to be of im- 
portance in the complicated processes connected with 
radiation damage and defect generation which to some 
extent still elude conclusive explanations. The compli- 
cation of these processes is the reason for the observed 
strong effects, which the very small concentrations of 
electrically active as well as of electrically inactive im- 
purities have on the course of the processes. It is clear, 
however, that more work has to be performed in this 
field in order to arrive at solar cells showing optimum 
performance and lifetime for power supplies in the space 
environment. 


IMPROVEMENTS ON THE SILICON SOLAR 
CELL DURING 1960 


Two significant improvements have been made on the 
silicon solar cell during the past vear. The first one, al- 
ready available on production cells, was the introduc- 
tion of the gridding method. The second one, on which 
the development stage is just completed, consists in a 
shift of the spectral response in order to obtain im- 
proved efficiency in sunlight, and especially in free space 
sunlight. This shift was made possible only through the 
introduction of the gridding method. 


Gridded Cell 


It has been found that in actual silicon solar cells the 
internal series resistance is large enough to cause a de- 
viation of the current-voltage characteristic from its 
ideal curve. With the best methods presently known, 
the impurity concentration of the diffused p-layer can- 
not be made sufficiently high in order to keep the series 
resistance of the p-layer negligibly small for p-layer 
thicknesses as small as desirable for obtaining highest 
collection efficiency. In the present silicon solar cell a 
compromise is obtained between p-layer thicknesses 
and p-layer series resistance in order to obtain the high- 
est possible over-all efficiency.’ 

A substantial decrease of the total p-layer series re- 
sistance can be achieved by applying metallic grids over 
the p-layer. Fig. 10 shows silicon solar cells of different 
sizes With such grids applied. These grids reduce the 
resistance of the p-layer by lowering the length of the 
current path through this layer to the next collecting 
metallic line having low resistance. This effect is so great 
that despite the loss of part of the active area due to 
coverage by these grid lines, the efficiency of gridded 
solar cells of 1X2 em size has been found to be in the 
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Fic. 10—Photograph of a 1 x 2 em gridded silicon solar cell 
(center) and of two 2 x 7.5 em gridded silicon solar cells. 


average 1.5° higher than that of nongridded, but 
otherwise identical cells. This efficiency calculation is 
based on the total exposed area of the cell in a series 
shingle, counting the area covered by grid lines as ex- 
posed area. The introduction of such grids permits also 
freedom from considerations on size and shape of solar 
cells as were previously necessary for optimum perform- 
ance. Solar cells of 2 X 7.5 em size with grids have now 
been made with better than 12% efficiency. The two 
large cells shown in Fig. 10 are of this size. 

The reduction of the series resistance causes a change 
in the current-voltage characteristic, as indicated in 
Fig. 11, for a gridded and a nongridded cell. The open 
circuit voltage should be identical, and the difference in 
short circuit current due to the coverage of part of the 
active area by grid lines is also normally not as large as 
appearing in this figure. The major feature is however 
clearly indicated: the characteristic is more “squared,” 
resulting in a higher voltage for the maximum power 
point, which occurs at the same current value so that a 
higher output power results. Consequently, on a power 
panel having to meet a certain load voltage, fewer cells 
can be connected in series in order to reach this voltage, 
which leads either to a reduction in the total panel area 
for equal power output, or to an increase in power out- 
put by adding additional series strings to fill the original 


panel area. 


Spectral Response Modification for Improved 
Sunlight Performance 


It had been shown previously: °° that the long 
wavelength part of the spectral response curve of silicon 
solar cells is mainly affected by the minority carrier 
lifetime of the base material, which usually is an n- 
region, and that the short wavelength part of the spec- 
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Fig. 11—Current-voltage characteristics with maximum power 
points indicated and constant voltage and constant cur 
rent test method for typical silicon solar cells, 1 x 2 em 
size gridded and nongridded, taken at 25°C. 


tral response is influenced by the minority carrier diffu- 
sion length and the thickness of the diffused layer, which 
normally is a p-type layer. These theoretical considera- 
tions have been verified by the recent developments. 
First, strides were made toward improved minority 
carrier lifetimes in the base region, which resulted in an 
increase of the spectral response toward the long wave- 
length side as shown in Fig. 12-a. This improvement was 
accomplished during 1959, and it led to the difficulties 
with the measurement methods as explained in an ear- 
lier section. At that time, an increase in the base mi- 
nority carrier lifetime was the only possible approach 
to an improvement, as before the advent of the gridding 
technique a change of the thickness or the minority 
carrier diffusion length of the p-layer could not lead to 
better efficiencies. This had its reason in the previous 
optimization of impurity concentration and the p-layer 
thickness in such a way as to give the best compromise 
between short circuit current and series resistance. 
After the gridding method was introduced, efforts could 
be undertaken toward reaching a new compromise of p- 
layer thickness and minority carrier diffusion length by 
modification of the diffusion parameters. The interesting 
feature is that modifications of either the short wave- 
length or the long wavelength part of the spectral re- 
sponse curve can be achieved without affecting the other 


part. 
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EFFECT OF MINORITY CARRIER LIFETIME 
ON SOLAR CELL SPECTRAL RESPONSE 


Cet 
\ 


RELATIVE SPECTRAL RESPONSE 
(ARBITRARY UNITS) 


RELATIVE SPECTRAL RESPONSE 
(ARBITRARY UNITS) 


Lo 12 
WAVELENGTH (MICRONS) 


Fic. 12—Top: The effect of minority carrier lifetime on the 
spectral response of an otherwise identical solar cell. 
Bottom: The effect of a variation in the p-layer thick- 
ness on the spectral response of an otherwise identical 
solar cell. Curve 2 has the smaller p-layer thickness. 


lig. 12-b shows the spectral response curves of two 
silicon solar cells which were prepared with identical 
parameters except for some diffusion modification. The 
cell represented by curve | has been fabricated with the 
same diffusion parameters as were used before the in- 
troduction of the gridding technique. Curve 2 represents 
a cell with the modified diffusion parameters. Both cells 
have the same base material minority carrier lifetime, 
and therefore the same long wavelength response. 

The short circuit current of a solar cell is proportional 
to the integral under a curve which is obtained by mul- 
tiplying the cell spectral response curve point for point 
with the spectral distribution of the light source. Since 
tungsten light (2800 K) contains only a small amount of 
energy in the short wavelength part of the spectrum, 
the modification of the spectral response curve as indi- 
cated in Fig. 12-b will result in a hardly noticeable dif- 
ference of the short circuit current, if measurements are 
performed under tungsten light sources. This is indi- 
cated in Fig. 13-a, which shows curves for the two cells 


1 and 2 of Fig. 12-b. These curves are labelled 1 and 2 
for the two cells respectively and were obtained by the 
explained spectral response-spectral distribution multi- 
plication method. Fig. 13-b shows a corresponding set 
of curves for the same cells, but this time using the 
spectral distribution of sunlight as received outside of 
the earth’s atmosphere. Here the difference in spectral 
response between the two cells results in a marked dif- 
ference in the two curves, leading to a ratio of the inte- 
grated areas under the curves of 1.09, as compared to 
a ratio of 1.02 for the two curves of Fig. 13-a. The inter- 
esting result of this modification therefore is that cells 
are obtained which show under tungsten light a per- 
formance comparable to that of the cells prepared with 
the previously used parameters, but that the same 
cells will produce a nearly 10‘ higher short circuit 
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Fic. 13—Top: Spectral response multiplied by the spectral dis- 
tribution of light from a tungsten filament lamp at 
2800°K color temperature for the cells labeled 1 and 2 
of Fig. 12, bottom. The ratio of the areas under the 
curves 2 and 1 of this figure is given by A»/A;. Bottom: 
Same as the top curves, except that the spectral distri- 
bution of sunlight as received outside the earth’s at- 
mosphere has been used. 
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current and correspondingly higher power output in 
sunlight in free space than the older cells. This develop- 
ment was carried out with support from the Air Ma- 
teriel Command.!® 


NEW CONFIGURATIONS AND APPROACHES 
ON SILICON SOLAR CELLS 


Large Area Single Crystal Cells 


The advent of the gridding technique permits for the 
first time complete freedom from geometrical considera- 
tions for the design of solar cells. Since diffusions can be 
controlled with sufficient uniformity, the size of the cells 
is determined only by limitations in crystal growing and 
cutting techniques. Future developments probably will 
retain the rectangular configuration due to its advan- 
tage of better area utilization. Cells as large as 2 & 73 
cm have been prepared with efficiencies as good as those 
obtained in the smaller types. Preparation of these cells 
is possible since single crystals of silicon with over 2 in. 
dia and more than 4 in. length having good crystalline 
properties are readily available now. Essential difficul- 
ties are not expected to be encountered by going to still 
larger sizes, and 10 X 2 cm is anticipated as the next 
step. 

These larger area cells have the advantages of lower 
cost per unit power due to decreased handling time in 
preparation as well as in application of the cells, and of 
higher reliability due to the reduction in the number of 
contacts to be made. While the mentioned approach 
uses standard methods, it would be very desirable to 
obtain large area single crystalline wafers without the 
presently used cutting process in which about 50 of 
the valuable raw material is lost. A method successfully 
applied to germanium by Bésenberg" consists in casting 
the material in a mold and successive gradient cooling 
after attachment of a seed crystal. This method is, how- 
ever, not applicable to silicon due to the high reactivity 
of this element with every known material which could 
be used for a mold. Another approach with the same 
objective has recently been pursued by W. R. Grace and 
Co. on an ARPA-Contract.'’ Here molten silicon was 
floated on molten lead and then gradient cooled after at- 
tachment of a seed crystal. Thismethod was expected to 
be workable since lead was supposed to have a very 
small solubility in silicon and to act not as an electrically 
active impurity. Experience showed, however, these 
assumptions not to be correct. Beyond this, difficulties 
were encountered in the preparation of thinner wafers as 
surface tension caused formation of a lens shaped molten 
silicon mass rather than a flat thin layer. 

Another approach not resulting in large wafers but 
possibly in long strips of solar cells is pursued by the 
Westinghouse Electric Corporation on a WADD con- 
tract. This approach consists in the application of the 
dendritic growth method to silicon and the preparation 


of solar cells from these dendritic crystals. This growth 
method was very successfully used with germanium, 


and diodes and transistors were prepared from this 
material. Although not much information is available 
about the progress of this project, it appears that diffi- 
culties encountered earlier in the growing of the den- 
dritic crystals or ribbons of silicon are being worked out. 
Some solar cells have been prepared from such den- 
dritically grown crystals, and achievement of efficiencies 
as high as those obtained in solar cells prepared from 
single crystals grown by the Czochralski method have 
been reported.” 

Another line of attack is the preparation of thin film 
solar cells. The obvious advantages of such an approach 
are the most conservative use of the costly silicon raw 
material, the possibility of readily preparing large area 
devices, and the possibility of obtaining flexible cells 
which should be capable of relieving some of the storage, 
transportation and deployment problems of extremely 
large area energy converters. There are, however, ob- 
vious difficulties connected with this approach, and it is 
questionable whether sufficiently large efficiencies can 
be obtained in order to make this approach competitive 
with the one pursued presently. 


Thin Film Solar Cells 


A thin film solar cell has a basic physical performance 
limit given by its thickness. This is due to the magnitude 
of the absorption coefficient which in silicon varies 
strongly with wavelength over the range of interest for 
solar energy conversion, as was shown in Fig. 7 of this 
paper. Since rather small absorption coefficients are 
found towards the longer wavelengths, only a small por- 
tion of the incident energy will be absorbed in thin films 
in these wavelength regions. Figure 14 shows that por- 
tion of the energy available in sunlight at wavelengths 
up to 1.1 uw, which can be absorbed in films of different 
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Fic. 14—Portion of the photons with energies greater than 
1.1 eV which can be absorbed in silicon films of variable 
thickness x, based on the spectral distribution of sun- 
light outside the earth’s atmosphere as described by 
Johnson, F.8., Jour. Meteorology 11, pp. 481-439 (1954), 
and on the absorption coefficient of Fig. 7 of this paper. 
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thicknesses. The calculations leading to this curve were 
based on the spectral distribution of sunlight as received 
in free space*! and on Fig. 7 of this paper. 

Appropriate factors obtained from Fig. 14 have to be 
applied to the limit conversion efficiency as well as to 
the actually obtainable conversion efficiencies for silicon 
solar cells, if these are to be made from thin films. These 
data therefore give valuable design information for the 
thin film solar cell development. 

Another limitation of yet unknown severity is to be 
found in the crystallinity of the thin films. It is most 
improbable that any reasonable degree of conversion 
can be obtained in solar cells of the p-n junction type 
prepared from amorphous films or films of very small 
erystal size. It should however be possible to utilize so- 
called surface barriers or metal to semiconductor june- 
tions in order to obtain a certain amount of conversion. 

\nother approach would be to obtain large crystals or 
even single crystalline thin films. Epitaxial growth and 
gradient cooling with seed attachment after melting or 
near melting of the film are two different approaches 
investigated for this purpose. Success has been met with 
certain epitaxial growth experiments using freshly 
etched silicon as a substrate. 

Three different methods for the deposition of the sili- 
con for the formation of the thin films have been or are 
presently under investigation. These three methods are: 

1) vacuum deposition, (2) electrolytic plating, and (3) 
pyrolytic decomposition. Of these methods, only the 
latter one has met with reasonable success in the past. 
The major problem in the vacuum deposition method 
Was again found in the high reactivity of the silicon with 
practically all known materials, which led to a con- 

tamination of the evaporation source by the crucible. 
A further problem was found in the contamination of 
the film from residual gases in the high vacuum. This 
problem could be partially overcome by a rapid deposi- 
tion which, however, is not conducive to good crystal 
growth. Silicon carbide or carbon crucibles with silicon 
carbide surface layers were found to give reasonably 
good results for the deposition of very thin films. Good 
p-n junction devices could however not be formed by 
this method. 

The electrolytic plating method did not lead to usable 
silicon films due to contamination from the solution. 
Best success was met with in the pyrolytic deposition 
of thin films. One frequently used pyrolytic process con- 
sists of the decomposition of silane on heated substrates 
in a hydrogen atmosphere. Large crystallites could be 
deposited on various substrates, and single crystal films 
were grown on single crystal silicon substrates. P-n 
junctions exhibiting good diode characteristics were 
formed by this method, and photovoltaic conversion 

was observed. Elliott from the General Electric Com- 
pany reports” on work performed in his laboratory on 


deposition of thin films for the preparation of solar cells 
as performed under an ARPA contract. 


The Composite Sphere Cell 

A quite different approach has been conceived and 
pursued at the Hoffman Semiconductor Division®® and 
is presently being continued under an ARPA contract .”! 
It consists in the preparation of an array of silicon 
spheres each containing a p-n junction (lig. 15). These 
p-n junctions are formed by a diffusion process per- 
formed on a large number of spheres simultaneously. 
The spheres are imbedded in a transparent plastic sub- 
strate and are connected by deposited metal films. These 
metal films form the ohmic contacts to the cells as well 
as provide a conductive path between the individual 
spheres. The process is quite intricate, but would lend 
itself readily to automation. The advantages of the 
method are seen in a possibility for the use of small par- 
ticles of silicon obtained without the costly crystal 
growing and cutting processes, and in its potential for 
obtaining large-area and possibly mechanically flexible 
systems. The capability of the method has well been 
demonstrated, with 10° conversion efficiency achieved 
based on the total exposed area of the device. A major 
problem in the present approach is, however, the eco- 
nomical preparation of small silicon spheres. 


PROGRESS ON SOLAR CELLS USING 
MATERIALS OTHER THAN SILICON 


Various other approaches to the development of 
either highly efficient or more economical photovoltaic 
energy conversion devices have been pursued and have 


achieved mixed results. 


The Gallium Arsenide Cell 

Some work on the gallium arsenide cell has been per- 
formed by the RCA Laboratories®® on a Signal Corps 
Contract, but major progress on this device cannot be 
reported, except for an improved understanding for the 
material problems. It appears now that the very short 
minority carrier lifetimes observed on gallium arsenide 
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Fic. 15—Cross-sectional view of large-area solar cell composed 
of silicon spheres. 
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devices are not due to recombination centers which one 
has not been able to eliminate, but are rather due to a 
high level of direct radiative recombination present in 
this material.2° These very small minority carrier life- 
times had earlier been found to be the limiting parame- 
ter in the performance of the gallium arsenide solar cells. 


The Integrally Composed Variable Energy Gap 
Solar Cell 


lor the theoretical consideration governing the per- 
formance of the integrally composed variable energy gap 
photovolatic solar energy converter, reference shall be 
made to a previous publication.® The experimental work 
carried out at the Eagle Picher Research Laboratories 
on a Signal Corps contract” is basically an extension of 
the GaAs work, except for the addition of a wider en- 
ergy gap layer to the active surface of the GaAs device, 
thus obtaining a variable energy gap in the transition 
region between pure GaP and pure GaAs. The p-n 
junction is formed in a separate diffusion process and 
can be located anywhere within or outside of this graded 
energy gap region. Different device characteristics have 
been obtained, depending upon the location of this p-n 
junction. Either larger open circuit voltages with rela- 
tively small short circuit currents were found with june- 
tion locations in the large energy gap region, or larger 
short circuit currents with open circuit voltages corre- 
sponding to those of a GaAs solar cell were obtained 
With p-n junctions located at the narrow energy gap 
side of the graded region. The latter approach is a sen- 
sible one for GaAs with its rapid increase of the absorp- 
tion coefficient near the absorption edge, and with its 
extremely short minority carrier lifetimes leading to 
low collection efficiencies. Adding the wide energy gap 
laver causes deeper penetration of the photons and 
thus helps to obtain more generation of carriers within a 
diffusion length of the p-n junction. The results of the 
experimental work reported in Eagle Picher’s Final 
Technical Summary Report are in agreement with the 
theoretical considerations outlined in ref. 6. 


The Stacked Variable Energy Gap Solar Cell 


Klectro-Optical Systems, Inc. carried a research pro- 
gram on the stacked variable energy gap photovoltaic 
solar energy converter under Signal Corps sponsorship.?° 
After earlier work utilizing the transmission of the 
longer wavelength radiation through a larger energy gap 
first cell and obtaining conversion of this longer wave- 
length radiation in a second cell of narrower energy gap 
mounted behind the first cell, the more recent approach 
at Eleetro-Optical Systems, Inc. used a dichroic mirror 
for splitting the incoming radiation into a long wave- 
length and a short wavelength component. The two 
components are separately incident on two solar cells 
having different energy gaps. The first approach was 


found by the Electro-Optical Systems, Inc. researchers 
to be rather disappointing, although some investigations 
carried out at the Semiconductor Division of Hoffman 
Electronics Corporation on the transmission of infrared 
radiation through silicon wafers with and without p-n 
junctions, and on a silicon-germanium stacked variable 
energy gap solar cell indicated that some feasibility of 
this approach may be shown. The latest work of Electro- 
Optical Systems, Inc. applying dichroic mirrors also 
did not lead to an improvement of the conversion effi- 
ciency above that obtained on silicon solar cells alone. 


Thy Gallium Telluride Solar Cell 


Kfforts by the Armour Research Foundation carried 
out on a Signal Corps contract” with the objective of 
preparing single crystal gallium telluride material and 
of fabricating solar cells from this material has not 
progressed to the point where performing solar cells 
could be prepared. 


The Cadmium Sulfide Solar Cell 


The Harshaw Chemical Company performed exten- 
sive research on cadmium sulfide solar cells under Air 
Force sponsorship.” The art of growing single crystals 
of cadmium sulfide and of preparing solar cells from 
these crystals have been further perfected by these ef- 
forts. Solar cells with efficiencies in the 5 to 7% effi- 
ciency range have been repeatedly prepared. Simulta- 
neously with these fabrication efforts, more insight has 
been gained into the very complicated and varied proc- 
esses of photo-generation and of trapping of carriers, 
as they take place in cadmium sulfide crystals in de- 
pendence on variations of the contact materials and of 
the types of crystal impurities. 

Beyond the single crystal effort, the research workers 
of the Harshaw Chemical Company prepared a number 
of 20 cm?-large thin film cadmium sulfide solar cells.*! 
They are presently in the process of perfecting the 
methods used for fabricating these film type cells. Over- 
all efficiencies of 2 to 2.57 have been obtained on these 
films, but smaller areas showed efficiencies as high as 
4.5. It will be of great interest to follow the further 
progress of this work, which can possibly lead to a 
highly economical large area solar energy converter. 


CONCLUSION 


A review of the work performed on photovoltaic solar 
energy conversion shows that certain problem areas 
have been encountered, but that efforts of overcoming 
the difficulties are well under way. Beyond this, further 
improvements of the performance of the silicon solar 
cells have been achieved, which make better solar power 
panels feasible with 11° conversion efficiency in free 
space based on the total panel area. Work on other ma- 
terials and new approaches resulted in some interesting 
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insights, but did not yet lead to any improvement of 


performance or economy. 
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Solar Radiation at the Earth’s Surface 


H. E. Landsberg 


Office of Climatology, I 


Longer records of annual solar radiation inten- 
sity on the horizontal surface are now available 
from over 300 locations. These have been incor- 
porated into a new generalized world map of aver- 
age solar energy received at the earth’s surface. 
Greatest uncertainty exists over the oceans. High- 
est intensity centers are located around 22° lati- 
tude north and south on most continents. In 
North America the energy center of 35° N has the 
greatest poleward displacement. 


The exploitation of solar radiation at the earth’s sur- 
face has become more than a utopian dream. Devices to 
transform this energy into usable form are increasing in 
number and efficiency. 

Strangely enough information on the energy income 
from this source is not readily obtained. Meteorological 
services have usually been content to measure the dura- 
tion of sunshine. Cost of equipment to record the in- 


tensity of solar radiation and the expert care needed for 


this equipment have retarded progress in this field for 
many years. rom the few meteorological stations where 
both radiation and duration of sunshine were recorded, 
statistical relations between these two variables were 
obtained. This permitted an estimate of solar intensity, 
in first approximation. In some areas not even this 
method could be used. Instead the duration of sunshine 
had first to be inferred from cloudiness observations, 
which were the only available indication of insolation. 
This was, and still is, particularly true for ocean areas. 
It may seem quite surprising that solar radiation 
found such relatively little emphasis among meteorolo- 
gists, who otherwise are known to be among the most 
prodigious data collectors. It might have seemed logical 
that they would concentrate their observational zeal on 
the quantities that energize the atmospheric move- 
ments. However, dynamic and kinematic principles 
gained an early foothold in this science and energetic 
concepts are only gradually being incorporated into the 
theory of atmospheric mechanisms and motions. 
General climatological considerations and_ specific 
applications in agriculture and housing technology 
paved the way for more intensive study of solar energy 


7. S. Weather Bureau 


at the earth’s surface. The most comprehensive effort 
in recent years has been that of Budyko and his collab- 
orators to chart, on a world-wide basis, the elements of 
the earth’s heat balance.’ ° This resulted in an Atlas 
which appeared in 1955. Much of the information in this 
valuable work had to be based on indirect data and on 
calculations. In conjunction with the UNESCO Arid 
Zone Program, Black* (1956) had also prepared gen- 
eralized world maps of radiation based on sunshine data. 

In the last decade, however, in part stimulated by the 
desire to use solar energy in countries poor in other 
sources of power, measurements of solar radiation have 
multiplied. Another powerful impetus was given by the 
International Geophysical Year (IGY) and its subse- 
quent cooperative world efforts in geophysics. One of 
the principal aims of the IGY was to learn more about 
the relations of our planet to the sun. The meteorologi- 
cal programs in all parts of the world were reinforced 
with solar radiation measurements. The data were col- 
lected under a uniform system arranged by the World 
Meteorological Organization®®» (WMO) and collected 
centrally. 

This new information, in conjunction with the fewer 
but long-established series of observations permitted a 
new attempt to depict the radiation climate of the earth. 
This was aided by the fact that local radiation maps, 
based on new analyses of the available data appeared 
for several regions (U.8., U.S. 8S. R., Japan, North and 
South Africa, India). New summarizations of cloud 
cover over the major ocean areas of the world also ap- 
peared (U.S. Navy, 1955-1959).*! 

After making some reductions of shorter series to 
longer records and adjusting for different periods of 
record it seemed possible to draw a generalized map of 
radiation received at the earth’s surface. At this time 
the attempt had still to be restricted to depict the sum 
of solar and diffuse sky radiation on a horizontal sur- 
face. This is the only element for which a sufficiently 
large number of measurements were available. Well over 
300 stations record this element, but they are unfortu- 
nately far from evenly distributed. Some countries have 
much denser networks than others. Much as a compila- 
tion would have been desirable, the seasonal variation 
still remains quite uncertain in many places. Two to five 
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TaBie 1—Latitudinal Distribution of Solar Energy Received 
on a Horizontal Surface at the Earth’s Surface, According 
to Various Authors, in keal/em?/year 


Landsberg (1961) 
Budyko, 


et al.. (1954) Black (1956) 


Latitude Zone 


Mean Range 


N 90-80 65 ? 
80-70 70 68-72 
70-60 72 68-85 
60-50 68-110 
50-40 68-140 
40-30 90-200 
30-20 t 5s 115-220 
20-10 120-220 
10-0 ; 120-170 


0-10 120-180 
10-20 5 130-190 
20-30 5 120-200 
30-40 2 110-170 
40-50 : 80-135 
50-60 76 65-95 
60-70 65-75 
70-80 2 ? 
SO-90 ? 


TaBLe 2—Approximate Total Annual Heat Received 
in each Latitudinal Zone in 10'8 keal/yr. 


90-80 80-70 70-60 60-50 50-40 40-30 30-20 20-10 10-0 


36.9 | 49.2 | 63.9 | 65.0/65.2 
31.5 44.8 56.5 | 64.2'63.9 


vears of observations cannot yet be considered adequate 
for monthly averages. But the world pattern over land, 
on an annual basis, seems to be emerging now. 

The results—approximately adjusted to the 1951- 
1960 decade—are shown in Fig. 1. The quantity shown 
is keal em? (klangleys) per year. The primary interval 
is 20 units. All continents in the latitudes between 20 
and 30 degrees show centers of high surface intensities 
of radiation. The extraordinarily extended field of en- 


ergy reception, extending from the west coast of Africa 
through Arabia into India, is one of the earth’s primary 
heat sources. The North American heat center in the 
southwestern U.S. appears to be the most poleward 


located major radiation center. 

Budyko, Berlyand and Zubenock® (1954) gave a 
broad view of the latitudinal distribution of energy re- 
ceived at the surface of the earth between latitudes 60 
north and south. Burdecki? (1958) contrasted this with 
data from Black? (1956). From our compilation a new 
set of values from pole to pole were derived. All these 
estimates are shown in Table 1. The reliability of the 
column derived from Fig. 1 and its underlying data is, 
however, probably not better than about +5 units. The 
range for each latitudinal zone is also given. 

The current data are generally lower than Budyko’s 
but not much beyond the estimated level of reliability. 
The discrepancies are primarily caused by different es- 
timates of oceanic cloudiness. These are still very con- 


jectural but this problem will be solved when consistent 
and complete observations from satellites become avail- 
able. The systematically lower values for the southern 
hemisphere compared with corresponding northern lati- 
tudes is also partly attributable to lack of precise oce- 
anic information. However, there is enough evidence to 
consider it a reality, even though the precise magnitude 
of the difference between the two hemispheres is un- 
certain. 

These zonal variations give only the grossest picture 
of the energy distribution. Even on an annual seale, 
there remains considerable topographically and oro- 
graphically induced variation. The areas within the 160 
keal/cm?/yr line seem to be the ones where solar energy 
is important in the earth’s heat balance. Even though 
some of them show seasonally low values, they are also 
the regions where exploitation of solar energy would be 
most practical. 

‘rom a meteorological point of view it is interesting 
to note the total radiation received at the surface for 
ach zone. This quantity is shown in Table 2. This is as 
yet a quantity unmodified by the surface albedo. It 
gives nevertheless a good measure of the enormous heat 
transactions that go on at the earth’s surface. 

The asymmetry of the two hemispheres is quite ap- 
parent. Also very notable is the high value in the sub- 
tropical belt of the Northern Hemisphere (20-30°N). 
This almost matches the energy received in the equa- 
torial zone, even though the total area of this higher 
latitude zone is less. 
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Plastic-Replica Mirror Segments for a Solar Furnace 


J. Bolin, C. J. Tenukest and C. J. Milner 


A paraboloidal mirror, 12 ft in diam and of focal 
length 47 in., is built up from 162 segments ar- 
ranged in six concentric zones. Segments for each 
zone are cast in epoxy resin, using as matrix one 
of six glass plates optically worked to convex off- 
axis paraboloidal form. In order to avoid distor- 
tion and wrinkling of the final surface, due to 
shrinkage and other causes, three successive coat - 
ings of resin, each using a different filler and cur- 
ing schedule, are applied to a stout cast-alumi- 
num backing plate. To part the casting from the 
matrix (which is especially difficult because of the 
accuracy of copying that is attained) a silicone 
release agent is used, which is effective when ap- 
plied as an extremely thin film. The final casting 
is front-surface-aluminized by vacuum evapora- 
tion. 

A parallel beam of light formed by one such seg- 
ment (approx. 12 in. X 10 in.) may be refocussed 
by another segment, suitably placed, to an image 
less than 5/5 in. in diam. The surfaces formed by 
this process are hard and permanent, and numer- 
ous optical and mechanical uses are foreseen. 


INTRODUCTION 


In a solar furnace, light and heat from the sun are 
concentrated by an optical system to such an extent 
that the temperature of any object placed at the focus 
is raised to a temperature comparable with the sun’s 
surface temperature. Many workers have employed dis- 
used searchlight mirrors for this purpose; but the attain- 
ment of extreme temperatures, say about 3000 C, re- 
quires a mirror, or other concentrating system, both 
larger in diam and more perfect in form than that used 
in searchlights, or indeed in any large system other than 
the great astronomical telescopes. While the optical per- 
fection of astronomical mirrors is far beyond what is 
required in a solar furnace, still in the latter a large nu- 
merical aperture is also very desirable, certainly much 
larger than the values encountered in astronomical in- 
struments. 

Several large solar furnaces, which are larger than 
searchlight size and not limited by the imperfections of 
searchlight mirrors, have recently been constructed. In 
all of these furnaces, the concentrating system has used 
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a number of segments. Details of several furnaces are 
given in Table 1. 

While planning a large solar furnace! now in course 
of construction at Kensington, Sydney (Table 1) the 
present authors and colleagues decided to employ a 
replica method to produce all the sectors of each zone 
of the paraboloid. Prolonged efforts were devoted to 
preparing a single set of accurate ‘‘matrix’’ plates, and 
at the same time various techniques were explored that 
might enable accurate copies of these negatives (nega- 
tive in the sense that concave replicas were made from 
convex matrices) to be made with reasonable ease, relia- 
bility, and safety to the matrices. 

The production of matrix plates and replicas is fur- 
ther described below; this introduction will conclude 
with a review of the requirements for accuracy in the 
optical system of the solar furnace in general, and in the 
paraboloid segments in particular. 

The sun subtends an angle of ;}5 radian or almost 
exactly 0.5°; the sun’s image formed by the paraxial 
part of a single concave mirror therefore has a diam of 
f/115, where f is the focal length. Maximum heating 
will obtain only over the smaller circle within which the 
images of the sun produced by all mirror elements over- 
lap. To ensure that this overlap circle is little smaller 
than the paraxial image circle, it has been determined 
that the combined effect of the several errors of align- 
ment must be kept less than three minutes of angle (45 
of the image diam). In particular, the aim throughout 
the present development work has been that each por- 
tion of the surface of each replica segment shall produce 
reflected rays parallel to those from an ideal paraboloid 
segment within one to two minutes of angle. 


PREPARATION OF MATRICES 


Experimental work was essential to ascertain the pos- 
sibilities of making the master plates or matrices envis- 
aged by the design. It was attempted in complete ab- 
sence of any literature on the subject. Known figuring 
techniques for making off-axis sections of paraboloid are 
practicable only as long as the sections are near the 
axis. In our case the sagittal values required for the 
final curve were beyond the reach of local correction by 
polishing. For example, the component for the outer- 
most zone, 10 in. in radial width, commences 62 in. from 
the paraboloid axis: the curvature radius in the “‘radial”’ 
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Tas_e 1—Details of Certain Large Solar Furnaces 


Concentrator Segments 
Angle 
vocation sut 
Over-all, 
tended 
diam Number Type 
at focus 
it 
de 
grees 


California c.7 ¢c.90 | 19 Optieally-worked glass 
Institute of lenses 
Technology 

Montlouis. ¢.33 Bent metallized glass 
France 

Bouzareah, 27 120 144 Moulded and _ electro- 
Algeria polished aluminum 

Kensington, 12 150 162 Plastic replicas of op- 
Sydney tically-worked glass 


plane containing the axis has to vary from 188.0 to 166.2 
in., and that in the “‘transversal’’ plane, at right angles 
to the radial, from 118.3 to 113.5 in. 

The first trial convex surface was ground, figured and 
polished entirely by hand. However, this work evalu- 
ated certain possibilities for use of machines specially 
constructed for the purpose. The image formed by re- 
flection from this surface through the polished plane 
back of the plate was found satisfactory even when ex- 
amined with the 40 mm orthoscopic eyepiece. Further 
to assess the chances of satisfying the design tolerances, 
a concave surtace of the same zone was completed. This 
also produced a sharp image of the sun, of size very close 
to the theoretical value. With this encouragement, work 
was commenced on master plates for each of the six 
zones into which the paraboloid was divided (144 in. 
rim diam, with 18 in. central hole). 

Sets of precision glass templates had been made and 
used for verifying the first convex surface, but these 
were replaced by a precision 6-in. cylindrometer with 
dial gauge reading to 0.0001 in. The computed elements 
of each zone were converted intosagittal values at inter- 
vals of 0.5 in. Cylindrometer readings were taken by 
two workers independently. The mean readings, plotted 
for comparison with curves of the required values, 
formed the sole means of assessing the generated radii 
during grinding and figuring. 

Pyrex of suitable quality and thickness was not avail- 
able. Very careful consideration was given to the manner 
of supporting the glass plates used, which were 14 X 14 
in. and only 1 in. thick. Although, with precautions, 
these dimensions were acceptable for the tolerances in- 
volved, it is obvious that use of low-expansion glass of 
greater thickness would result in better surfaces. 

For rough grinding, conventional machines were used, 
with grooved glass tools. Systematic reversal of the sur- 
faces during grinding assisted the smooth fit of the 
curves. For converting the spherical surface to toric 
form, special adaptations of existing machines were 


made. Speed was reduced. 


Figuring was done by handwork alone. Adjustable 
tools were made by cementing small glass squares (0.4 
xX 0.4 X 0.15 in.) with a layer of rosin of uniform thick- 
ness and controlled viscosity to a steel base plate ma- 
chined to a curvature roughly concentric with the 
worked surface. Hot pressing was repeated until the 
glass facets all attained contact with the workpiece. 
The spells of figuring were often reduced to only one 
minute, after which hot pressings were repeated. This 
not only prevented gross deformations through unequal 
wear but also enabled adjustment of the tool for changes 
developing in the corresponding area of the job. 

The final smoothing was also manual, machine work 
presenting too many dangers of flattening the figured 
curves. Rosin laps and finely-washed abrasives assisted 
detection of high and low spots. Contact cylindrometer 
testing Was indispensable, thousands of readings being 
taken oneach plate. Precautions against zero errors due 
to wear of the ball points, etc, were necessary. 

The polishing in general followed a pattern suggested 
by the experience of figuring and smoothing the partic- 
ular plate. Machine action was unavoidable because 
local work and general blending required at least 40 
hours per plate. To reduce the fine pattern of “hairlines” 
the policy of changing the laps and the superimposition 
of strokes was strictly observed. A hand-worked lap, 
nearly dry, usually completed the final retouching. 


SELECTION OF PLASTIC TECHNIQUE 


In selecting a technique for making plastic replicas 


from glass matrices, three processes were considered. 


They were hot pressing, hot casting and cold casting. 


Hot pressing 

Two materials, polystyrene and methyl methacry- 
late, seemed to be suitable. As the former was not avail- 
able in Australia, the latter was used for trials. Temper- 
atures of 120-130 C were found necessary to soften this 
material suitably. At these temperatures, glass plates 
used as trial matrices sometimes cracked and blistering 
of the plastic surface occurred. These difficulties were 
not overcome and as the required accuracy was not 
achieved this process was abandoned. 


Hot casting 

The high temperatures necessary in this process cause 
distortion due to thermal expansion and endanger the 
glass matrices. As plastic materials, which polymerize at 
room temperatures, were available this process was not 
further considered. 


Cold casting 


Polymerization of methyl methacrylate monomer on 
the glass matrices was tried. The surfaces so produced 
were excessively rippled, and this material was therefore 
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abandoned. Finally epoxy resin was tried which pro- 
vided a satisfactory solution. It has the advantages of 
availability, cold cure, low polymerization shrinkage 
(2!4% as compared with 12-30% for other resins), and 
high luster; and it can be vacuum coated. No expensive 
or complicated equipment is required for processing, 
and much information was available from the manu- 
facturers. 


DEVELOPMENT OF EPOXY-RESIN 
CASTING PROCESS 

The main difficulties encountered were in producing 
reliable release in conjunction with high luster and free- 
dom from ripples and distortion. As the surface actually 
copied is that of the release agent, it must be very uni- 
form in thickness if the replicas are to be accurate copies 
of the matrix. This means in practice that it must be 
very thin and completely reliable in release if the matrix 
is to be preserved intact. 

During an investigation extending over a period of 
two vears many substances were tested as release agents 
with only partial success. None of them provided reli- 
able release when applied in sufficiently thin layers. 
Substances tested included waxes, petroleum jelly, cel- 
lulose acetate, methyl methacrylate, soap, glycerine, 
oils, lanolin, stearic acid and molybdenum disulphide, 
as well as many industrial releasers. 

A method due to Hass and Erbe? was then tried. This 
requires the matrix to be coated with silver, silicon 
monoxide, and aluminum, in that order, by evaporation 
in vacuum. The resin, with filler added to reduce shrink- 
age, is Cast on this surface in a single layer. Release takes 
place at the plane of the silver layer, part of which may 
remain on the matrix and part on the replica. Residual 
silver is removed with acid and leaves an aluminum 
coating protected by silicon monoxide. This process, 
which showed considerable promise, was given an ex- 
tensive trial. In the authors’ experience with this and 
other epoxy-resin processes, use of a suitable filler was 
essential in order to secure a tolerably small large-scale 
distortion; however, the free surface of a coating made 
with filled resin was generally found to be, or to become, 
covered with small-scale ripples of a wavelength com- 
parable with the filler grain size. Coatings of pure resin 
were reasonably free of ripples, but distortion of figure 
was relatively severe, presumably due to shrinkage in 
setting of the resin, which, even with thin layers, is capa- 
ble of distorting even robust backing plates. 

In this dilemma attention was turned to the possibili- 
ties of multiple coats using a thick heavily-filled initial 
coat and a thin unfilled final coat. Consequently work 
with the Hass process, which essentially provides for 
only a single coat, was discontinued. In the further in- 
vestigation which was undertaken, dimethyl-dichloro- 
silane, a substance which forms a silicone with the free 


water usually present on the surface of glass, was tried 
as a release agent and a satisfactory process* was 
evolved based on its use. 

Supplies of pure dimethyl-dichloro-silane were not 
available in Australia and an I.C.I. product, “Silicone 
liquid M441,” which contains some unhydrolyzed 
methyl-chloro-silanes, had to be used. A suitable tech- 
nique for its use was developed. The coating so produced 
on the matrix gives 100% effective release and is vir- 
tually unwettable. It is so thin that it cannot be de- 
tected by either visual or optical means. This technique 
made a multiple coat process feasible, and a three coat 
process was finally developed which gave results well in 
excess of the minimum requirements. The luster is such 
that the reflectance of the aluminum coated surface is 
only some 3% lower than that of similarly coated glass. 


PREPARATION OF CASTINGS 


In order to provide for fittings for aligning and ad- 
justing the finished segments, and to save work in the 
casting process, cast aluminum backing plates strength- 
ened with ribs were used. The inner surface of the pat- 
tern was given a spherical curvature approximating 
that of the segment, in order to keep the thickness of the 
resin coat as even as possible. Castings were thoroughly 
cleaned before use. 

The matrix was thoroughly cleaned and given a coat 
of release agent (I.C.1. M441 10°% in acetone) with a 
cotton wool swab. A jig, placed over the coated matrix, 
held accurately in place a ‘“‘model’”’, made accurately to 
the dimensions of the final segment and around which 
were formed walls of plastic strip ;/g in. thick held in 
place by a wooden frame and sealed with beeswax. The 
“model” was then removed and replaced by the backing 
plate. A mixture of resin and filler (**Mix A” of Table 2) 
was now poured onto the surface of the matrix and the 
backing plate lowered into it, care being taken to avoid 
trapping bubbles. It was then secured in position by a 
jig. 

After standing overnight the casting had hardened. 
The jigs and mould walls were removed from the casting 
and the casting removed from the matrix. The casting 
was baked in an oven (8 hr at 80 C) to stabilize it. 

The stabilized casting was then cleaned and rough- 
ened on the front surface, and placed face up in a jig. 
The edges were coated with wax to prevent resin from 
subsequent coats from sticking. The matrix was cleaned 
and coated as before, but was afterwards allowed to 
stand 2-3 min and then washed down with mineral 
turps and allowed to dry. 

Sufficient of ‘“Mix B” (Table 2) was placed in the 
center of the casting, care being taken not to trap any 
bubbles, and the matrix carefully lowered, face down, 
into the pool of “Mix B.”’ A single drop of “Mix B” 
placed on the center of the matrix helps to prevent 
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TABLE 2 


100 parts resin (Shell ‘‘Epikote 815’’) 
166 parts marble dust (300 mesh 
25 parts curing agent (Shell ‘‘Epicure U"’) 

Mix thoroughly and allow to stand until free of large and 
medium bubbles 

Thickness of first laver 2-5 mm 
Vir B 

100 parts resin as above 

50 parts lamp black (particle size 1-5 microns) 
15 parts curing agent (Shell ‘‘Epicure U”’ 

3 parts curing agent (Shell ‘‘Epicure A’’) 

Mix the lamp black thoroughly with the resin and allow to 
stand until free of bubbles. Heating may help. 

Add the curing agent and mix thoroughly without introduc- 
ing bubbles 

Thickness of second layer about 0.5 mm 
Mix C 

100 parts resine as above 
17 parts curing agent (Shell ‘‘Epicure U”’ 
3 parts curing agent (Shell ‘‘Epicure A”’ 

Allow ingredients to stand until free of bubbles. Pour curing 
agent into resin carefully avoiding bubbles. Mix thoroughly 
without introducing bubbles. 

Thickness of final layer about 0.05 mm. 


bubbles being trapped. The matrix was allowed to rest 
on the thin layer of ““Mix B”’, being kept in place by a 
jig. The surplus resin was allowed to run over the edges. 
The coating was allowed to cure overnight and then 
treated as the first coat, except for the walls. 

The matrix was again cleaned and coated with release 
agent as before, except that it was washed after coating 
first with mineral turps and then with detergent and 
water, and rinsed with water. Any drops of water re- 
maining were carefully removed with blotting paper. 
This removed the surplus release agent and ensures 
that the surface is clean and that the final surface of the 
casting is of a high luster. 

The final coat of **Mix C” (Table 2) was then cast in 
the same manner as the second coat, except that the 
matrix and the casting were heated to 45-50 C before 
coating. When removed from the matrix the castings 
were rinsed with water, all remaining drops being care- 
fully removed with blotting paper. They were then 
placed, without further cleaning, in the vacuum cham- 
ber. All work was carried out at a room temperature of 
20-22 C maintained by air conditioning. 


METALLIZING AND TESTING 


The surface of the casting is given an opaque coating 
of aluminum in vacuum in the normal way. The surface 
is very clean and very little discharge cleaning is re- 
quired; this is kept to a minimum to prevent surface 
heating. After metallizing, the edges of the segments are 
cleaned up and the segment tested optically by an auto- 


collimation method for satisfactory performance. The 
segments are placed in a jig which holds them accurately 
in the correct position. Light passing through a small 
aperture in a screen at the focal point, falls upon the 
paraboloidal mirror segment and is converted to a par- 
allel beam. A plane mirror placed in the path of the 


parallel beam, reflects it back on to the same screen, 
forming an image of the aperture a little to one side. 
This is a critical test and is necessary if the segments in 
each zone are to be interchangeable and to align cor- 
rectly when assembled. 


CONCLUSION 


Production of mirrors for the Kensington solar fur- 
nace is now complete. Tests over the past 18 months 
have shown that, with careful washing when necessary 
to remove accumulated dirt, reflectance is well main- 
tained at about 80°:. The surfaces appear to be both 
permanent and sufficiently hard for at least light wear. 

It has been fully established that high-grade mirrors 
of off-axis paraboloidal or other aspheric form can be 
made by repetitive casting from optically-worked glass, 
in sizes up to at least 10 or 12 in. square and in number 
up toat least 50. (The glass master plates are still serv- 
iceable if not quite unmarked after production of up to 
this number of replicas.) Where the original preparation 
of such a surface, whether as a master plate or for direct 
use, may cost hundreds of pounds, the provision of 
replication facilities, also costing hundreds of pounds, 
will enable replicas to be made at a repetition cost of 
only tens of pounds each. 

The present process for replicating surfaces should 
therefore be economically attractive in several fields 
where amounts of this order are expended on producing 
single surfaces. In particular, it might be usefully con- 
sidered in relation to engineers’ surface plates, perhaps 
even lathe beds, etc, as well as for large optical com- 
ponents particularly for infrared use. 
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Atmospheric Radiation Near the Surface of the 
Ground: A Summary for Engineers’ 


Raymond W. Bliss, Jr. 


A procedure for estimating the intensity of 
atmospheric radiation upon horizontal surfaces is 
presented in detail, together with results of the 
calculations for typical atmospheric conditions. 
Hottel’s values for water-vapor emissivity, to- 
gether with an extrapolation by the author, are 
used as a starting point for the calculations. 
Resulting values of atmospheric radiation are 
found to be a little higher than those usually 
found by meteorologists. The procedure is con- 
sidered adequate for most engineering problems 
requiring an estimate of the intensity of atmos- 
pheric radiation upon horizontal surfaces near 
ground level. 


PRINCIPAL SYMBOLS USED? 


A Intensity of radiation from atmospheric gases inci- 
dent upon a horizontal plane near ground level, 
mly/min. 


f, Pressure correction factor, dimensionless. 


/, Spectral intensity of radiation per unit of wave- 
length, mly/min-cm. 
K Exponential absorption coefficient, sq «em, g. 
L Path length, em. 
m  Density-length product pL, g sq em. 
Molecular weight, g/mol. 
P Pressure, atmospheres. 
q Radiation intensity incident on or emitted by a 
surface, min. 
q emitted by a black body in solid angle 27 
steradians 
q, intensity of gas radiation upon a surface. 
qs, intensity in a finite range of wavelengths of 
width An. 
qsun Intensity of sunshine upon a horizontal surface. 
R Net radiation exchange between atmospheric gases 


* This work was supported in part by The National Science 
Foundation (Grant #*G-6293) and in part by the State of 
Arizona. 

+ The unit of heat transfer per unit time and area used in 
this article is the milli-langley/minute, abbreviated mly/min. 
A langley is defined as equal to one gram-calorie/sq em. Con- 
sequently 1 mly/min = 1 milligram-calorie/sq em-min. The 
conversion to English units is 1 mly/min = 0.221 Btu/sq ft-hr. 
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and an exposed thermally black horizontal sur- 

face at air temperature, mly/ min. 

t, T Temperature, °C or °K. 

Z Height, cm. 

8, y Exponential coefficients, sq em/g or em‘ as indi- 
cated in text. 

Kmissivity, dimensionless 

€, apparent emissivity of the atmosphere. 


€, emissivity of a slab. 
€ spectral emissivity. 
€s, Weighted average spectral emissivity over a 
finite wavelength range. 
6, @ Angles, radians. 
Wavelength, cm. 
p Density, g/cc. 
Stefan-Boltzmann constant = 8.13 10° mly/ 
min — 
w Solid angle, steradians. 


INTRODUCTION 

A clear sky seems “‘colder’’ than the air temperature 
near the ground. Farmers, air-conditioning engineers, 
and designers of solar heat collectors are well aware of 
this. The farmer, noting frosts which occur on a clear 
night even though the air temperature remains well 
above the freezing point, rightly ascribes these frosts 
to the “cold” sky. The air-conditioning engineer 
knows that the temperatures of roofs and other surfaces 
exposed to the sky fall below prevailing air tempera- 
tures at night, and he sometimes takes this effect into 
consideration in calculations and in building design. 

The designer of solar heat collectors is aware that 
this ‘cold sky” effect exists in the daytime also. It 
causes his collectors to have a higher-than-expected 
loss rate, particularly when they are set near horizontal 
and operating at or near prevailing air temperature. 

This situation is illustrated schematically in lig. 1. 
An idealized thermally black collector surface near 
ground level and at the temperature of the surrounding 
air is receiving and absorbing solar energy (direct and 
diffuse) at the rate geun per unit area of the surface. By 
a thermally “black” surface we mean a surface whose 
emissivity and absorptivity are unity for all wave- 
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ATMOSPHERIC RADIATION 


TOTAL SOLAR 
RADIATION 


THERMALLY BLACK PLATE 
PLATE TEMP =AIR TEMP =Tg 


QR RRR 
THERMAL INSULATION 
NET HEAT GAIN TO PLATE = Ggypn -R 
Fic. 1 tadiant energy exchanges between the sky and an 
exposed thermally black plate at air temperature. 


lengths. Because it is at the same temperature as the 
surrounding air the surface does not lose heat by con- 


vection to the air; nevertheless it exhibits a radiation 
loss rate R in the far infrared. This loss rate RP is actually 

the difference between the black-body radiation oT, 


emitted by the surface and the incoming longwave at- 
mospheric radiation A which is striking the plate. 
Under clear sky conditions this loss rate R—that is, 
the net longwave radiation exchange between a hori- 
zontal thermally black surface and the sky when the 
surface is at air temperature—is typically in the range 
of 100 to 150 mly min (about 20 to 30 Btu sq ft-hr). 
Since the intensity of solar radiation striking a solar 
heat collector is seldom greater than 1500 mly min, and 
often more like 1000 mly min, it is evident that this 
loss rate R is large enough to merit consideration and 
understanding in problems of solar heat collector design. 
In order to determine R, one must know the magni- 
tude of A, the intensity of atmospheric radiation upon 
a horizontal surface near ground level. It is the purpose 
of this article to discuss this facet of atmospheric radia- 
tion, to explain in reasonable detail the procedures for 
calculating its magnitude, and to present the results of 
the calculations in a form convenient for use by heat- 
transfer engineers concerned with the design of solar 
heat collectors or by others who may have need for a 
good engineering approximation of the intensity of 
atmospheric radiation under given conditions. Atten- 
tion will be centered chiefly upon atmospheric radiation 
from cloudless skies, although the effects of clouds will 


be mentioned briefly. 


It is believed that the methods and results presented 
are adequate for the intended purpose, but it should be 
emphasized that this article is essentially an engineer- 
ing simplification of what is in fact an extremely compli- 
cated problem in radiative heat transfer. 


GENERAL NATURE OF ATMOSPHERIC 
RADIATION 

Atmospheric radiation originates from gases in the 
air, some of which absorb and emit radiation in the far 
infrared range. This range we will arbitrarily define as 
encompassing wavelengths between 3 and 100 microns. 

Since the atmosphere as a whole is composed of 
about 99° (by volume) oxygen and nitrogen, one 
might guess that the bulk of atmospheric radiation 
originates from these gases. However, this guess would 
be quite wrong. Oxygen and nitrogen, and other sym- 
metrical gas molecules, do not absorb or emit radiation 
in the far infrared; they seem to be completely trans- 
parent to such radiation. Atmospheric radiation origi- 
nates from water vapor, carbon dioxide, ozone, and 
other asymmetrical molecules which occur in the 
atmosphere. 

Insofar as atmospheric radiation at ground level is 
concerned, only radiation from water vapor and carbon 
dioxide is of any importance, with that from water 
vapor being much the more important of the two. At 
ground level the proportion of water vapor in the air 
ranges from about 0.2 to 2° by volume, depending 
upon the relative humidity and temperature, and this 
proportion usually decreases with increasing altitude. 
The proportion of carbon dioxide in the atmosphere is 
about 0.03 by volume, and this proportion is rela- 
tively constant throughout most of the atmosphere. It 
is interesting to note that it is only the presence of the 
small amounts of these two gases which prevents the 
atmosphere from being completely transparent in the 
far infrared. If the air were completely dry and com- 
pletely free of carbon dioxide, the mean radiant 
temperature of the sky at night would be very near the 
absolute zero of outer space, or about 290 centigrade 
degrees below typical air temperature at ground level. 
As we shall see, the presence of these two gases and 
their radiation effects causes the actual mean radiant 
temperature of a clear night sky to be usually only 
about 10 to 25 centigrade degrees lower than the pre- 
vailing ground air temperature. 

Our problem in determining radiation from the 
atmosphere to a surface near ground level is essentially 
that of determining the radiation to be expected from 
the gaseous mixture of water vapor, carbon dioxide and 
nonradiating gas overlying the ground. Matters are 
complicated by the fact that the composition, tempera- 
ture, and pressure of this mixture vary with height 
above the ground. 
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(a) 


dA SOLID ANGLE dw 
SOURCE OF BLACKBODY RADIATION, TEMP. T, 


dA dw 


DENSITY OF RADIATING GAS =@g, TEMP. T, 


Fic. 2—Radiation from column of gas. 


As a prelude to attacking the problem, we review 
some basic concepts and definitions. 


BASIC CONCEPTS OF GAS EMISSIVITY 
In defining the emissivity of a body of gas one must 
specify, among other things, the shape of the gas body 
under consideration. The emissivities of three shapes 


are of interest in our problem: 
1. The emissivity « of a column of gas, measured 


along the axis of the column. 
2. The emissivity € of a hemisphere of gas, measured 
at the center of the flat base of the hemisphere. 
3. The emissivity ¢, of an infinite slab of gas, meas- 


ured at a point on one boundary plane. 

As will be shown shortly, column emissivity « and 
hemispherical emissivity e: have the same value. 

The emissivity of a column of gas may be defined, 
albeit rather loosely, as the ratio between the total 
energy emitted by the base of the column in a direction 
closely parallel to the axis of the column and the total 
energy which would be radiated in the same direction 
by a black body at gas temperature placed at the base 


of the column. 

A more explicit definition is desirable, both for the 
sake of definiteness and as a step in showing the 
equivalence of column emissivity to hemispherical 
emissivity. For this more explicit definition first con- 
sider Fig. 2a. A small plane area dA is receiving radia- 
tion through a small solid angle dw from a black-body 
The solid angle dw 


source whose temperature is 7; . 
makes an angle @ with the normal to dA. The area dA 
is sufficiently small that neither dw nor @ vary apprecia- 


bly over the surface of dA (the relative size of dA is 


exaggerated in the figure ). 


As can be determined from most heat transfer texts, 
for example, the radiant heat flow (per unit 
area of dA ) received by dA from the black-body surface 


will then be: 
db 

dq, = 6 dw 


in which @ is the total radiant heat flow emitted by a 
black body at temperature 7; . 

Now consider Fig. 2b. Here the black-body radiating 
surface has been replaced by a column of radiating gas 
of length L, density p,, and temperature 7;. We 
again consider the area dA, which is located on the axis 
of the column and which “‘sees” the gas column through 
the same small angle dw and at the same angle @ at 
which it saw the black body in Fig. 2a. 

The radiant heat flow from the gas to dA will now 
be dq, . We define the emissivity of the gas as the ratio 
between this heat flow and that received by dA (in 
lig. 2a) from the black body: 


= % (2] 


= 
dq, 


Combining [1] and [2], we note: 


dg, = cos dw [3] 

The columnar emissivity of a particular radiating gas 
is a function of the number of molecules of the radiating 
gas in the column under consideration (and of other 
variables as well). At a given temperature, the number 
of molecules of the radiating gas in the column is 
linearly proportional to the pressure-length product 
term P,L, in which P, is the partial pressure of the 
radiating gas and L the length of the gas column. In 
most heat transfer texts gas emissivity is usually 
plotted as a function of P,L. 

The number of molecules in the beam is also linearly 
proportional to the density-length product term pL. 
Meteorologists customarily express gas emissivities as 
a function of this latter product term, and it is somewhat 
more convenient for use in problems involving at- 
mospheric radiation. Consequently we shall express gas 
emissivities as a function of pL which we write as m. 
That is 

My = 


in which p, and L, are the density and column length, 
respectively, of the particular radiating gas under con- 
sideration. It is seen that m, has the dimensions g/cm’, 
and is numerically equal to the number of grams of the 
radiating gas contained in a column L, cm long and 1 


sq ¢m in cross section. 
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Fic. 3—Radiation from a hemisphere of gas. 


We turn to the definition of the emissivity of a hemi- 
sphere of gas. Consider Fig. 3. A gas hemisphere at 
temperature 7, is radiating to a small area dA at the 
center of the base. The intensity of radiation striking 
dA is q,. The emissivity of the gas is defined as the 
ratio: 

5] 
in which q is the intensity of black-body radiation at 
temperature 7, . 

We note that the total radiation from the hemisphere 
to dA is actually the summation of the radiation from 
many small columns, each of length L and solid angle 
dw. A consideration of Fig. 3 will show that 


dw = sin [6] 


From the above equation and Eq. [3]: 


dq, = £19 cos 6 do [7] 


Integrating over the entire hemisphere: 


qy = dq, €1 sin cos 6 (S| 
“oe T 
which reduces to: 
qo = (9) 


above with Eq. [5], we see that 


Comparing Eq. 


= 


That is, the emissivity of a column and a hemisphere of 
gas (each having the same value of m,) are equal. As a 
matter of fact, columnar emissivity and hemispherical 
emissivity are essentially merely two ways of defining 
the same thing. We shall henceforth drop the subscripts 
1 and 2 to differentiate between columnar and hemi- 
spherical emissivity and refer to either of these emissivi- 
ties as simply e. 

Actual radiation from the atmosphere should be con- 
sidered neither as radiation from a column nor from a 


horizontal layers (each of varying composition, tempera- 
ture, or pressure). Each of these layers, for purposes of 
radiation calculations, may be considered as an infinite 
slab. 

The emissivity of an infinite slab (see Fig. 4) is de- 
fined as the ratio 


é = dos 
db 
where qg,, is the intensity of radiation from the gas strik- 
ing a small plane area dA lying in one bounding plane 
of the slab, and q@ is the intensity of black-body radia- 
tion at the same temperature as that of the gas. 

The density length product m,, of a slab is p,l. in 
which L, is the separation between boundary planes of 
the slab. The aptly descriptive term ‘precipitable 
water” is often used for the water-vapor density-length 
product m,,. of a slab. 

Just as in the previous case of the hemisphere, the 
total radiation from a slab of gas to the small area dA 
at the ‘‘base” of the slab is the summation of the radia- 
tion from many small columns. In the case of the slab 
the length of the various columns is variable and, in 
general, greater than the separation L, between the 
slabs. 

A consideration of Figs. 3 and 4, and of the defini- 
tions of hemispherical and slab emissivity will suggest, 
correctly, that the emissivity of a slab must be some- 
what greater than that of a hemisphere having the same 
density-length product as the slab. The nature of this 
relationship between hemispherical emissivity and slab 
emissivity is most important in problems of atmospheric 
radiation. The relationship is somewhat involved, and a 
further discussion of the matter is deferred to a later 
section of this article. 

The emissivities we have been considering so far are 
the ‘“‘average”’ or “‘total’’ emissivities. That is, they are 
ratios between the total amount of energy of all wave- 
lengths emitted by a gas body under a set of conditions 
and the total amount of energy which would be emitted 
by a black body under the same conditions. We con- 


sider now the ‘spectral emissivity” of a gas column. 


Again starting with a rather loose definition, the 
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Fic. 4—Radiation from a slab of gas. 


hemisphere, but rather as radiation from a series of 
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spectral emissivity of a gas column is the ratio between 
the amount of energy emitted by the column in a par- 
ticular narrow wavelength region and in a direction 
closely parallel to the axis of the column, and the 
amount of energy which would be emitted in the same 
wavelength region and in the same direction by a black- 
body at the gas temperature. 

To put the matter more explicitly, we again refer to 
Fig. 2b, and consider the intensity of radiation d°q,, 
upon dA which is emitted by the gas in a wavelength 
region lying between \ and X} + dd. This may be 
written: 


= dd cos 6 dw [12] 


Now if the column of gas were replaced by a similarly 
placed black body at gas temperature (Fig. 2a), the 
black-body radiation in the same wavelength interval 
striking dA would be 


= dX cos 6 dw [13] 


We define the spectral emissivity of the gas column as 


= 

The preceding equation also defines the spectral emis- 
sivity of a gas hemisphere. 

It is generally considered that the spectral emissivity 
of a column or hemisphere of a radiating gas, insofar 
as monochromatic radiation is concerned, is correctly 
given by an exponential expression of the form: 


e [15] 


It should be emphasized that the above expression is 
strictly valid only for monochromatic radiation. That 
is, it becomes increasingly valid as the wavelength in- 
terval under consideration approaches zero. For finite 
wavelength intervals Ad it is, in general, a rather poor 
approximation. 

The relationship between total emissivity and spectral 
emissivity is: 


[ ot dy [16] 


Yb 


In order to derive the above, we note that from Eqs. 
[12] and [14] we obtain 


= dd cos 6 dw [17] 


Integrating the above with respect to A: 


os 
0 


=( 
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Fic. 5—Planck’s black-body function. 


20,000 


Dividing the above equation by dq as given by Eq. [1] 
gives Eq. [16]. 

The black-body spectral intensity per unit of wave- 
length J is given by Planck’s equation. This equation, 
expressed in cgs units, may be written: 


ch 


— 1) 


ergs 


Typ dX = T° dy [19] 


sq em-sec 


which 

= 6.62 X 10°" erg-sec ( Planck’s constant ) 

= 2.998 x 10" cm/sec (velocity of light ) 
1.380 X erg °K (Boltzmann’s constant ) 
wavelength, cm 

= temperature ‘°K 

Integration of Eq. [15] may be shown" to give: 


Indy = q@ = oT" [20] 
0 


which 


574 
(Stefan-Boltzmann constant) 

[21] 
—5 
= 5.67 X 10” ergs/sq cm-sec-° K 


In the units used in this article, the Stefan-Boltzmann 
constant is 
= 8.13 X 10° mly /‘min-°K* 


Fig. 5 presents a plot of Eq. [19] in units used in this 
paper. Graphs such as this are convenient for use in a 
variety of problems involving the spectral energy distri- 
bution of black-body radiation. Limited quantities of a 
larger and somewhat more accurate and easy-to-read 
version of Fig. 5 are available from the author. An ex- 
tensive tabulation of the Planck function, in egs units, 
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has been presented by Lowan and Blanch.” A shorter 
tabulation, in English units and in a quite convenient 
form for many engineering uses, is given by Dunkle.* 
lor the benefit of engineers having only infrequent 
occasion to use Planck’s function, it may be mentioned 
that the function is presented and tabulated in various 
Ways in the literature. Sometimes the units used are con- 
fusing, occasionally the presentation or tabulation may 
be erroneous.” “ Consequently, in using a published 
tabulation for the first time, it is best to double check 
that one clearly understands the units employed, and 
that the tabulation itself appears correct. 
EMISSIVITY OF WATER VAPOR 

In principle, measurement of the emissivity of water 
vapor (or of other radiating gases) consists of sighting a 
calibrated radiometer through a narrow beam into a 
column of gas of known composition, length, and 
temperature; and observing the variations in radi- 
ometer readings as gas conditions are changed. If the 
beam of radiation from the gas is sent directly to the 
radiometer, measurements of total emissivity are ob- 
tained. If the beam is first separated into spectral com- 
ponents by a suitable grating or prism, and these 
components analyzed with the radiometer, a measure 
of the spectral emissivity is obtained. 

The preceding brief description does not do justice to 
the practical complexity of obtaining accurate measure- 
ments of this type. Great care, skill, and fairly elaborate 
equipment are required to ensure that the composition, 
temperature and length of the gas column are accu- 
rately measured, that the effects of spurious radiation 
from contaminating gases and other sources are elimi- 
nated, and that the radiometer is properly calibrated. 

The total emissivity ¢, of a column of water vapor 
and nonradiating gas is a function of the following 
variables: 

1. The density-length product m,, of the water vapor. 

2. The partial pressure P,, of the water vapor. 

3. The total pressure P; of the mixture. 

+. The temperature 7 of the mixture. 

In general, ¢, increases with an increase of any of the 
preceding variables. However, over the range of P,, and 
T which occur in our problem, e, is a weak function of 
these two variables. Consequently, for purposes of 
simplification, we assume that e¢, is not a function of P,, 
nor of T. We will allow for the variation of ¢, with total 
pressure P;, and a discussion of this variation is de- 
ferred to a later section. 

The total emissivity of water vapor as a function of 
m, , according to various authorities, is presented in 
hig. 6. 

Particularly noteworthy is the slow variation of €, 
over an enormous range of m, . The emissivity of the 
very small amount of water vapor contained in a few 
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Fic. 6—The column or hemispherical emissivity of water 
vapor. 


centimeters of typically moist air can be detected. The 
emissivity (and corresponding absorptivity) of the 
water vapor contained in a fair-sized room may be on 
the order of 10° or more. This is a large enough value 
to be of interest in some air-conditioning calculations, 
as the absorptivity of the water vapor in the air has a 
noticeable effect on the rate at which incoming air is 
heated or cooled by radiative effects on entering a room, 
And it is seen from Fig. 6 that the emissivity of a column 
of air (of typical moisture content ) continues to increase 
very slowly for very long column lengths—out to 10,000 
meters or more. Laboratory measurements do not, of 
course, involve the measurement of emissivities of such 
long column lengths of air and water vapor. Laboratory 
measurements are normally made on columns only a 
few meters in length at most. Consequently, the use of 
laboratory-determined emissivities to determine the 
emissivities to be expected from large bodies of moist 
outdoor air always involves judicious extrapolation of 
some sort. 

It is also to be noted from Fig. 6 that the various au- 
thorities are not in exact agreement The difficulties of 
making close measurements of water vapor emissivity 
are such that it is not known to a high degree of ac- 
curacy. 

The work of Hottel and Egbert” was particularly 
painstaking and thorough, and may represent the best 
estimate. They were primarily interested in determining 
the emissivity of water vapor in hot furnace gases and 
most of their measurements were made at temperatures 
ranging from about 150 C to 700 C; however, they did 
make some measurements at room temperatures. The 
heavy solid line of Fig. 6 is Hottel and Egbert’s es- 
timate of the emissivity of water vapor at 70 F (for low 
values of P,, and a total pressure of one atmosphere ). 
The same data are given in the current edition of Me- 
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Kekert’s” estimate of water-vapor emissivity for low 
values of water-vapor pressure is seen from Fig. 6 to be 
lower than that of Hottel and Egbert. Eckert also was 
chiefly interested in the radiation of furnace gases, and 
made most of his measurements at temperatures above 
100 C. Although, as indicated on Fig. 6, Eckert’s and 
Hottel’s emissivity values do not agree too well for low 
values of P,,, they are in quite close agreement for 
saturated steam at 100 C. A discussion of possible rea- 
sons for the discrepancy between the two values at low 
water-vapor pressures is given by Hottel and Egbert.” 

The other two emissivity curves shown on Fig. 6— 
those of Elsasser™”’ and Kondratyev''—are not the result 
of laboratory measurements of total emissivity by the 
writers in question. They represent, instead the correla- 
tion of a large body of spectral measurements on water 
vapor by various workers, and the deductions by Elsas- 
ser or Kondratyev as to the resulting total emissivity 
of water vapor. Essentially such a process amounts to 
breaking down the emission of water vapor into many 
small spectral components, and then adding all these 
components to obtain the total emission. This is more 
easily said than done, as the emission spectrum of water 
vapor is very complex, and the spectral emissivity 
varies violently in very narrow ranges of wavelength. 
In general, for values of m,, which can be practically at- 
tained in experimental columns, the total emissivity 
is probably obtained with greater accuracy by direct 
empirical measurement (as was done by Hottel and by 
Kickert) than by deductions from spectral measure- 
ments. Nevertheless, the deductions of Elsasser and of 
Kondratyev are seen to agree reasonably well with the 
(probably) more accurate direct empirical measure- 
ments of Hottel and Eckert. 

For values of m, which are larger (or smaller) than 
can be practically attained in the laboratory, the emis- 
sivity can be best extrapolated from measurable values 
only by deductions from spectral analysis or from 
quantum-mechanical theory of the water-vapor mole- 
cule. This is a matter much beyond the province of this 
article. The dashed-line extrapolation of Hottel’s and 
Kgbert’s curve is simply a guess on our part. 

It is evident from Fig. 6 that some choice must be 
made amongst the various authorities. We shall choose 
the Hottel and Egbert curve as probably being the best 
available estimate of the total emissivity of water 
vapor, and will assume that our extrapolation of their 
curve is satisfactory for the problem at hand. 

We turn now to a consideration of the approximate 
spectral distribution of radiation from water vapor. The 
actual spectrum of water vapor is made up of literally 
thousands of spectral “‘lines’’, as may be found in the 


2, 13 


1 
spectral measurements of Randall and co-workers. 
The monochromatic emissivity « varies rapidly over 
each of these lines, and this complexity makes it prac- 
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TABLE 1—The Exponential Absorption Coefficient for Water 


Vapor (Krondratyev’s Estimate) 


Wavelength Inter 


Wavelength Inter- 
val, microns i 


K cm?/g 
4 val, microns Kan, 


40 
198 
198 
156 

46 


tically impossible to accurately evaluate e over the 
entire spectrum of interest and thereby accurately ob- 
tain the total emissivity by integrating an expression 
such as Eq. [16]. 

However, for our purposes, a fairly good quantitative 
picture of the intensity of water-vapor emission in vari- 
ous wavelength regions can be obtained by assuming 
that Eq. [15] holds true over a finite wavelength region. 
In other words, we assume that over a wavelength 
region Ad the average spectral emissivity is given by 


= l—e Ranma [23] 


in which A, is a constant. As we have already men- 
tioned, the above simplification is theoretically unjusti- 
fied. But it furnish a 
approximation, it is often used, and it is probably ade- 


does convenient engineering 
quate for our purpose of obtaining a rough quantitative 
estimate of the apportionment of radiant energy to 
various wavelength regions. 

If we wish to use the above approximation to deter- 
mine the total emissivity of water vapor, the relation 
will be (compare Eq. [16]: 


LS 
e=—)>, (1—e AX [24] 
Table 1 presents Kondratyev’s' estimates of the 
exponential absorption coefficient A 4, . These apply to 
water vapor at customary atmospheric temperatures 
say from —20 to +30 C—and for a total air pressure 
of 1 atmosphere. As is mentioned by Kondratyevy, all 
the coefficients should be considered as approximations. 
The emissivity curve attributed to Kondratyev in Fig. 
6 is a plot of Eq. [24], using values of Ay, from Table | 
and values of g and J,, appropriate for black-body radi- 
ation at 290 K (17 C). 
It will be noted from Table 1 that water vapor is at 
least slightly emissive over the entire spectrum tabu- 
lated. Some regions are very much less emissive (i.e., 


y 
5.0-5.5 19-20 13 
5.5-6.0 20-21 23 
6.0-6.5 21-22 58 
6.5-7.0 22-23 64 
7.0-7.5 23-24 75 
7.5-8.0 12.8 24-25 80) 
ea 8.0-8.5 3.4 25-26 53 
8.5-9.0 0.10 26-27 93 
9.0-12.0 0.10 27-28 116 
12-13 0.25 28-29 136 
13-14 0.84 29-30 152 
14-15 1.30 30-31 179 
\ 15-16 1.65 31-32 179 
a ; 16-17 4.40 32-33 179 
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have very much smaller values of K 4) than others. The 
region around 8.5-13 microns is one of particularly low 
emissivity, and consequently of particularly high trans- 
missivity. This region of relatively great transparency 
is aptly known as the “atmospheric window.” It hap- 
pens to be a wavelength region in which a substantial 
fraction (about 28°) of black-body radiation at 
ordinary atmospheric temperature is found. Conse- 
quently the radiative behavior of water vapor in this 
wavelength region has a marked effect on radiative 
transfer in the atmosphere. 

As the density-length product m, of a volume of 
water vapor is increased, the emission from the water 
vapor first approaches black-body emission in the 
spectral regions on each side of the relatively low-emis- 
sive “window.” As m,, is still further increased, emission 
from the spectral “window” increases towards black- 
body values. This situation is graphically shown in Fig. 
7, in which the spectral intensity /,. of water vapor is 
plotted against wavelength for various values of m,, . 

The curves of Fig. 7 were calculated from the same 
data as that used in calculating Kondratyev’s estimate 
of the total emissivity of water vapor given in Fig. 6. 
That is, the values of A, given in Table 1 were used, 
together with an assumed temperature of 290 K. For 
each of the graphs shown in Fig. 7, the total emissivity 
«, of the water vapor is the ratio between the shaded 
area under the /,, curve and the total area under the 
black-body Jy, curve. These ratios are, of course, the 
same as those indicated by Kondratyev’s curve on 
lig. 6. 

A consideration of the series of graphs shown in Fig. 7 
gives a good understanding of the role which the high- 
transparency “atmospheric window” plays in the slow 
build-up of ¢, with m,., a situation which we first noted 


in big. 6. 


EFFECTS OF RADIATION FROM CARBON 
DIOXIDE 


The wavelength spectrum of major interest in our 
problem ranges from about 5 microns to about 40 
microns. Water vapor radiates, at least to some extent, 
throughout this spectrum. But carbon dioxide does not. 
The only important radiant energy contribution from 
carbon dioxide in the spectrum of interest lies between 
13 and 17 microns. This 13-17 micron region contains 
18.5% of the total black-body radiation at 17 C (290 Ix) 
and this percentage does not change very much over 
the range of temperatures of interest to us. Hence, if we 
assume that carbon dioxide radiates only in the 13-17 
micron region, its maximum possible emissivity would 
be about 0.185. 

Actual measurements of the emissivity of carbon 
dioxide indicate that its maximum emissivity is around 
18 to 20%. Fig. 8 presents the results of direct measure- 
ments made by Hottel and Mangelsdorf and Hottel 
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Fic. 8—Emissivity of carbon dioxide and emissivity of water 
vapor in the 13-17 micron region. 


and Smith.” These same data also appear in the current 
edition of McAdams’ ‘Heat Transmission.” 

Also plotted on Fig. 8 is the approximate emis. ivity 
e,/ of water vapor in the 13-17 micron band. This emis- 
sivity ¢,’ is the ratio between the energy radiated in the 
13-17 micron band by water vapor at 290 K and total 
black-body radiation (of all wavelengths) at the same 
temperature. Expressed as an equation: 

17p 
>. ad [25 
Gb 

The preceding equation was used to calculate ¢,” for 
290 IX, using the values of €3, determined from the ex- 
ponential absorption coefficients A 4, given in Table 1. 

lig. 8 illustrates several points of interest : 

1) In the 13-17 micron band, water vapor is ap- 
proaching “blackness” at values of m, near 2 g/sq em. 
Only about 95 as much carbon dioxide is needed to 
produce the same effect. 

2) However, under typical humidity conditions pre- 
vailing in air near the earth’s surface, the concentration 
of water vapor is normally so much greater than that of 
carbon dioxide that either gas will reach maximum 
emissivity in the 13-17 micron range in about the same 
column length—in the neighborhood of 2000 meters. 

3) Insofar as the total emissivity ¢ of a homogeneous 
mass of gas containing water vapor having a density- 
length product greater than about 1 g/sq cm is con- 
cerned, it does not particularly matter whether carbon 
dioxide is present or not, because the water vapor would 
already be nearly ‘‘black” in the 13-17 micron region in 
which the carbon dioxide radiates. 

As will be discussed more fully in a later section, the 
gas masses to be considered in our problem typically do 
have a water-vapor content of around 1 g/sq em or 
more, but they are not quite homogeneous. That is, they 
consist of several layers at slightly differing tempera- 
tures and pressures. Because of this we need some sort 
of correction to allow for the radiative effect of the 


carbon dioxide present in the air. But, as will become 
more evident as we go along, a rough correction is quite 
adequate for our particular purpose of determining the 
intensity of atmospheric radiation near ground level. 
To obtain this rough correction we assume that car- 
bon dioxide radiates only in the 13-17 micron band and 
that, within this band, the emissivity of water vapor 
and carbon dioxide can each be approximated by ex- 
ponential expressions of the form: 
0.185(1 — e [26] 
é = 0.185(1 — (27) 


According to the above equations, each g/sq em of 
carbon dioxide behaves radiationwise in the 13-17 
micron band the same as y/8 g/sq cm of water vapor. 
Consequently a gas containing m, g/sq em of water 
vapor and m, g/sq em of carbon dioxide may be treated 
as if its only radiative component were an amount 
m, + m,” of water vapor, where 


ym, [28] 


Mey 


The emissivity in the 13-17 micron band of the car- 
bon-dioxide and water-vapor mixture will be the same 
as that of the gas containing m,, + m,.’ g/sq em of water 
vapor only: 


= 0.185(1 — [29] 
From Eq. [28]: 


B(m, + m,’) = 


From Eqs. [26], [29], and [30], the added emissivity 


caused by the carbon dioxide is seen to Le 


Bmy my . 
Ae = — = 0.185 (e 


[31b] 


rom the above we see that the correction Ae is a 
function of m, and p,./p,. From Fig. 8 we see that 
reasonable values of 8 and y are about 1.7 and 50 sq 
cm, g respectively, although the fit to the carbon-dioxide 
emissivity curve is crude. 

Using the gas laws and tables of water-vapor satura- 
tion pressures, and assuming a carbon-dioxide partial 
pressure of 3 X 10“ atmosphere (its approximate sea- 
level value), the ratio p,/p, can be readily obtained as a 
function of water-vapor dew point. lor a dew point of 
—20 C the ratio is about 0.7; for a dew point of +20 C 
it is about 0.03. 

Fig. 9 presents a plot of the correction Ae for the 
presence of carbon dioxide, for various values of 
p-/ p, . The correction corresponding to p,/p, = 0.10 is 
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Correction Ae to be added to water-vapor emissivity 
to allow for the presence of carbon dioxide. 
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suggested as an appropriate one for all water-vapor dew 
—-10C. If = 3 X 10° 
atmosphere, the dew point corresponding to p/p, = 
0.10 is about 4 C. 

This simple scheme for allowing for the effects of car- 


points greater than about 


bon dioxide in problems of atmospheric radiation seems 
to have been first used by Kondratyev." It is probably 
a good one for our particular purpose, but it could be 
subject to considerable error in other types of radiative 
heat transfer problems involving mixtures of water 


vapor and carbon dioxide. 


RADIATION FROM A SLAB OF GAS 


As has already been mentioned, the various layers of 
air above the ground are best treated as infinite slabs 
for radiation calculations. Hence, to make use of 
laboratory determinations of emissivity in our problem, 
we must obtain the relation between the emissivity of 
radiating gas in the form of a slab and that of the same 
gas in the form of a column or hemisphere. 

This matter is best handled by first determining the 
emissivity of a slab for monochromatic radiation, and 
then interpreting this result for the case of radiation of 
all wavelengths. We refer to Fig. 4, and consider the in- 
tensity of monochromatic radiation originating in the 
solid angle dw and striking the small area dA at the 
base of the slab. From Eqs. [12], [14], [15] and the value 
of dw given in Fig. 4, we see that this intensity is: 


ddr» ) cos 6 sin 6 dé do dx [32] 

To determine the total monochromatic intensity 
dq, wpon dA from all parts of the slab, we must inte- 
grate Eq. [32] over all values of @ and ¢. Referring to 
Fig. 4, we see that @ varies from 0 to x/2 and @ varies 
from 0 to 2r. 

The integration with respect to # is more conveniently 
carried out, and nomenclature shortened, if we make 


the substitutions: 


Kym a 
[33] 
cos 6 cos @ 


It is seen that the limits of integration of the new 
variable x will be from a to x. Also Eq. [33] yields: 


sin 6 cos 6 dé = dx 


Substituting from Eq. [34] into Eq. [32], and indicat- 
ing the integration: 


9 


Typ a dy 


“r=a 


dr, = 


[35] 


dx do 


Performing the indicated integration and simplifying 


will yield: 


= dxf 2hi;(a)| [36] 


in which 


2 e 
2Ki3(a) = 2a | dx [37] 
va 


Tabulations of the function 2/7%;(a) are available.” 
Also, by integration by parts, the function will be found 


equal to: 


r 


a a 2 
2hiz(a) =e“ —ae"“+a dy [38] 


va 


A tabulation of the integral appearing in the above 
equation is given by Jahnke and Emde." 

The quantity dq, appearing in Eq. [36] is the radia- 


tion in wavelengths lying between \ and \ + dX from 
all portions of the gaseous slab to the small area dA at 


its base. The amount of black-body radiation dg 


within the same wavelength interval is Jy, dy. The spee- 


tral emissivity e, of the slab is then 


= 1 — 2ki;(a) 139] 


Or, substituting the value of a: 


= 1 — Aym,,) |40] 


This is to be compared with the value of the spectral 
emissivity of a hemisphere, which we have already found 


to be (see Eq. [15]): 


Kym, 


=l—e 


Evidently the relation between the spectral emissivity 
of a slab and that of a hemisphere depends upon the 
relation between the function 2/72; and the exponential 
function. From Fig. 10 it is evident that, over a wide 


range of values of a: 


2Ei;,(a) ~ [42] 


We shall make the simplifying assumption that the 
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two functions shown in Eq. [42] are equal, for all values 
of a. 

With this simplifying assumption, it is easily seen 
from Eqs. [41] and [42] that the spectral emissivity of a 
slab of density-length product m,, will in all cases be the 
same as the spectral emissivity of a hemisphere having 
a density-length product 


m, = 18 


If the slab of density-length product m,, has the 
same spectral emissivity as the hemisphere of density- 
length product 1.8 m,, for all values of spectral emis- 
sivity, then the total emissivity of the slab will also be 
the same as the total ernissivity of the hemisphere of 
density-length product 1.8 m,, . Consequently, using our 
simplifying assumption, if we wish to determine the 
emissivity €,. Of a slab of water vapor of density-length 
product m,, we may find it readily from a plot of 
hemispherical emissivity vs. m, (such as Fig. 6) by 
simply reading off the emissivity of a hemisphere of 
density-length product 1.8 . 

Figs. 11 and 12 have been prepared to give some ide: 
of the magnitude of the error associated with our sim- 
plifying assumption that approximate Eq. [42] is an 
equality. In Fig. 11 the ratio e,/€ is plotted against 
AKym,, for various values of m,/m,,. In Fig. 12 are 
plotted the exact values of the ratios m,/m,, which 
make Eq. [42] an equality. The extreme limits of this 
ratio are 2.00 at Am,, = Oand 1.00 at Am,, = ~. Fig. 
11 indicates that the ratio m,/m,, = 1.8 perhaps gives 
the best approximation over the entire range of Am,, 
shown. However, if only values of Am,, greater than 
0.10 are considered, a somewhat lower value of the 
m, m,, ratio might be a better approximation. 

The procedure developed in the preceding para- 
graphs to determine the best approximation of this 
mM, Moe Yatio is essentially that used by Eckert.’ 

Meteorologists approach the problem of determining 
this ratio in a variety of ways, and have suggested 
values of the ratio ranging from 1.5 to 2.0."" Elsasser"’ 
recommends the value 1.66 which is widely used in 
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meteorological calculations. However, since the value 
1.8 is customarily used for this ratio in engineering heat 
transfer calculations, we shall use that estimate, al- 
though it may be a little high, as the best single approxi- 
mation for calculations of atmospheric radiation. 

Using our estimate of 1.8 for the ratio m,/m,, , we can 
replot the Hottel-Egbert curve of Fig. 6 in order that we 
may read slab emissivity directly. Furthermore we can 
add the correction Ae for carbon dioxide as developed in 
the preceding section (see Eq. [31] and Fig. 9). All of 
this is shown in Fig. 13, which is our final working plot 
of the slab emissivity of a mixture of water vapor, 
carbon dioxide, and nonradiating gas, at a total pres- 
sure of one atmosphere. 

Fig. 13 could be used directly to obtain the slab emis- 
sivity of an idealized homogeneous slab of gas at equal 
pressure and temperature throughout. However, the 
actual atmosphere should be considered as a series of 
layers of slabs, of varying pressure, temperature and 
moisture content. Our procedure for allowing for these 
variations is described in the next section. 
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Fic. 13—The slab emissivity of an idealized homogeneous slab of moist air at 1 atmosphere pressure. 


typical correction for carbon dioxide content. 


LAYERS OF VARYING PRESSURE AND 
TEMPERATURE 

The emissivity of a mixture of water vapor and non- 
radiating gas is a function of the total pressure P; . The 
physical explanation is that the emission of radiation 
by water-vapor molecules is influenced by collisions 
with molecules of nonradiating gas (as well as by other 
effects). If the rate of collisions is lessened by lowering 
P,. the rate of emission will also be lowered. — 

If the emissivity of a slab at total pressure Po) and 
containing an amount of water vapor m,, is known, and 
it is desired to determne the emissivity of a second slab 
at different pressure P but containing the same amount 
of water vapor, one way of allowing for the effect of 
variation in pressure is to assume that the second slab 
acts radiatively as if it were at total pressure Po) but 
amount of water vapor 


contained a ‘‘reduced”’ 


My = fom, [44] 


in which f, is a suitable correction factor to allow for the 
variation in P. Thisis the scheme customary in meteor- 
ological literature. Preference is usually shown for one 
or the other of two values of Yas 


P [45a] 
VP, ([45b] 


g/sq cm 


Upper curve indicates 


The first equation implies that the effect of halving 
the total pressure is the same as multiplying the water- 
vapor content m, by 1/4/2. The second equation im- 
plies that halving the pressure has the same effect on 
emissivity as halving the water-vapor content. Because 
of the very slow increase of emissivity with water- 
vapor content (see Fig. 6 or 13), either of the above 
versions of the correction factor f, will yield about the 
same corrected emissivity. We shall assume that Eq. 
[45b], ie., fp = P/ Po, is the closer approximation. We 
shall also assume that the emissivity of carbon dioxide, 
for the purposes of our calculations, varies in the same 
fashion. 

We have already made the simplifying assumption 
that the emissivity of water vapor does not vary with 
temperature over the range of temperatures with which 
we are concerned. This implies that the total energy 
radiated by a slab of gas of specified water-vapor con- 
tent will be a function of its temperature only, and will 
be directly proportional to the fourth power of its 
absolute temperature. Hence, with the simplifying as- 
sumption that emissivity does not vary with tempera- 
ture, the ratio between the total energy radiated by a 
slab at temperature T, and that radiated by a slab at 
T. will be «7;'/eT.". If both slabs have the same emis- 
sivity, this ratio will be simply (7,/T2)*. 
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With the above concept of the effect of temperature 
variation, together with the previously developed as- 
sumption regarding the effect of pressure variation, we 
are now in a position to calculate the emissivity of a 
system of several layers of slabs, the various layers 
having different temperatures, total pressures, and 
amounts of precipitable water. 

The procedure for doing this is perhaps best illus- 
trated by a numerical example. Fig. 14 illustrates a 
hypothetical case of 3 layers of infinite slabs. The layers 
have different temperatures, precipitable water con- 
tents, and total pressures as shown in the figure. Each 
individual layer is assumed to be at the same tempera- 
ture and pressure throughout. 

The problem is to determine the apparent over-all 
emissivity ¢, of all three layers, measured at the bottom 
of the lowest layer. This emissivity is to be expressed as 
the ratio between the intensity of radiation emitted by 
the three layers to the intensity of black-body radiation 
at the temperature of the lowest layer. This tempera- 
ture is seen to be 280 K. 

The first step is to “reduce” the water-vapor content 
of each slab in proportion to its total pressure, in ac- 
cordance with Eq. [45b]. This yields the equivalent 
precipitable water m,,’ to be used for radiation calceula- 
tions. These values of m,,’ are shown in the last column 
of Fig. 14. 

Then, considering the lowest slab only, we find from 
Fig. 13 that its emissivity would be 0.335. Since the 
temperature of the lowest slab is 280 K, this 0.335 is 
the fraction of black-body radiation at 280 con- 
tributed by this first slab. 

Next we consider the radiation contribution from the 
second layer, which contains the radiation equivalent 
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Fic. 14—A numerical example of calculation of apparent 
emissivity (see text for details of calculation). 
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of 0.072 g/sq em of water vapor. From Fig. 13 we see 
that the addition of this amount of water vapor to the 
0.010 g/sq cm contained in the first slab will raise the 
emissivity from 0.335 to 0.630. The latter value is the 
emissivity of 0.082 g/sq em of water vapor plus in- 
dicated carbon dioxide (p,/p, = 0.10). The change in 
emissivity due to ‘adding on” the second slab is thus 
0.630 — 0.335, or 0.295. This is the fraction of black- 
body radiation at 265 K (temperature of the second 
slab) contributed by that slab. This is (265/280)* x 
0.295 = 0.237 times black-body radiation at 280 K. 
Hence the equivalent emissivity contribution of the 
second slab, calculated as the fraction of 280 black- 
body radiation, is 0.237. 

Proceeding similarly with the third slab, we find that 
its equivalent precipitable water content of 1.20 g/sq 
em would raise the emissivity measured on Fig. 13 
from 0.630 to 0.840. The latter emissivity is that of 
1.28 g/sq em of water vapor (again remembering that 
we are proceeding along the curve p,/p, = 0.10). The 
resulting change in emissivity is 0.840 — 0.630 = 0.210. 
But since the temperature of the upper slab is 250 K, 
the equivalent change of emissivity, figured to the 
280 K base, is (250/280) & 0.210 = 0.134. 

The apparent emissivity of all three slabs, relative to 
280 black-body radiation, is then the sum of the con- 
tribution from all three layers, or 0.335 + 0.237 + 
0.134 = 0.71. 

We could carry out this step-by-step procedure for 
any number of layers, and thereby determine the emis- 
sivity of the actual atmosphere for any specified set of 
conditions of temperature, pressure, and water-vapor 
content in the various layers. This procedure, for typical 
atmospheric conditions, is carried out in the next 


section. 


TYPICAL ATMOSPHERIC EMISSIVITIES 

The composition of the atmosphere varies, of course, 
with time, place, and height. Nevertheless, it often 
varies with height in fairly typical ways, and we can use 
these typical variations to work out the emissivity of 
the atmosphere to be expected under average condi- 
tions. 

The variation of pressure with altitude is, for our 
purposes, quite constant. It typically follows rather 
closely the relation shown in Fig. 15, which is a plot of 
the pressure variation of the “U.S. Standard Atmos- 
phere’”’.” As indicated on Fig. 15, this curve, up to 
about 4000 meters, can be approximated very nicely 
by the simple exponential relation 

P = Pe ™ [46} 
in which P is the pressure at height Z centimeters, Po is 
the pressure at ground level, and the constant y is 
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Fic. 15—Typical variation of air pressure with height. 


Variation of temperature with height is less uniform, 
but at heights of a few tens of meters off the actual 
ground surface, it often obeys the simple relation: 


Tz = Ty — 0.006 Z’ [47] 


in which 77 is the air temperature at height Z’ meters, 
and 7) is the air temperature measured a meter or two 
above the surface. The above equation indicates that 
the air temperature drops 6 centigrade degrees for each 
1000 meters increase in altitude. The variation is very 
much more rapid than this in the first few tens of 
meters above the ground surface. 

Variation of water-vapor density with height is also 
variable, but it too often exhibits a reasonably regular 
variation with height,”’”” the relation being: 


Pv = [48] 


in which p, is the water-vapor density at a height Z 
centimeters, and p,—9 is the water-vapor density near 
ground surface. The quantity 8 (which we take as a 
constant) is about 4.5 X 10°° em 

Equation [48] can be readily utilized to determine 
the total precipitable water contained below a height 
of Z centimeters, and the result will be found to be: 


Z 


[ dm, = (1 — [49] 
0 B 


Since p,—o is, to a good approximation, a function of 
the surface dew point only, we can use the above equa- 
tion to prepare a plot of the variation of precipitable 
water with height, as a function of surface dew points. 
The solid lines of Fig. 16 give this information. 

For radiation calculations we need the “reduced” 
amount of precipitable water m,.’ as given by the pres- 
sure correction Eq. [45b]. If the pressure variation is 
assumed to be given by Eq. [46], and the variation of 
density of actual precipitable water by Eq. [48], it is 
readily shown that the “reduced”? amount of precipit- 
able water below height Z is given by: 


Z 
[ dm,’ = [50] 
0 


A plot of this “reduced” amount of precipitable 
water below height Z (again plotted as a function of 
surface dew point) is given by the dashed lines of Fig. 
16. 

lig. 16 and Eq. [47] are seen to give us all the in- 
formation we need to calculate the emissivity of a 
typical atmosphere. We do this by dividing it into 
layers, and using the same step-by-step procedure 
developed in the numerical example of the preceding 
section. 

Table 2 presents an example of such a calculation, 
for an assumed surface dew point of +10 C. The table, 
together with its notes, is self-explanatory. A considera- 
tion of this tabulation and the calculation procedure 
behind it reveals several interesting points: 

1) The first two or three hundred meters above the 
surface contributed about 90 per cent of the total 
radiation received near ground level. We see that 
atmospheric radiation is predominantly determined by 
the condition of the first few hundred meters above the 
surface, although for best accuracy it is necessary to 
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Fic. 16—Typical approximate variation of water-vapor con- 
tent with height. 
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TaBLe 2—Example of Emissivity Calculation 


(1) (2) (3) (4) (5) (6) 

€ m' we, g/sq em Ae Z, meters Ae’ 
40 .0170 .40 10 1.000 400 
45 05 25 .998 
50 30 .997 
55 .0480 05 40 .996 
60 0660 60 
65 .0930 05 80 .992 
.70 136 05 120 .990 
.75 235 05 210 .987 
80 .570 05 510 .958 
81 .720 Ol 870 0093 
82 900 1200 
83 1.10 1650 871 0087 
84 1.30 01 2350 821 0082 
85 1.58 ~4300 692 


Total = .8376 
Emissivity = .84 


Assumptions: 
Dew point = +10 C 
Surface air temperature = +20 C 
‘‘Reduced’’ water-vapor distribution according to Fig. 16 
Temperature-height variation according to Eq. [47} 
Explanation of Columns: 
(1) Emissivity, from Fig. 13 
(2) Corresponding precipitable water, from Fig. 13 
(3) Uncorrected emissivity contribution from layer 
(4) Approximate average height of layer, from Fig. 16 
(5) Temperature correction factor for layer, calculated 
from Eq. [47] 
(6) Corrected emissivity contribution from layer (= Col. 
3 X Col. 5) 


consider the ever-decreasing radiation contributions 
from heights up to several thousand meters. 

2) If the site is at sea level—that is, if the pressure 
of the first layer of gas is 1.00 atmosphere—the over- 
all effect of pressure corrections on total emissivity is 
very small. 

3) The emissivity contributions from the various 
layers indicated in Table 2 were obtained by moving 
along the p./p, = 0.10 curve of Fig. 13. Since the total 
amount of “reduced” precipitable water was fairly 
high (1.58 g/sq em) it is evident from Fig. 13 that very 
nearly the same total emissivity would have been ob- 
tained in this case if we had ignored the effect of carbon 
dioxide and simply proceeded along the base emissivity 
curve of water vapor only. This corroborates the re- 
marks made in the previous section concerning the 
effects of carbon dioxide, in which we noted that, if 
more than about one g/sq cm of water vapor is present, 
the effect of any added carbon dioxide is small. 

4) The over-all effect of the temperature corrections 
is also small. Furthermore, if the temperature variation 
with height follows Eq. [47], the over-all effect of the 
temperature corrections (7'z/T»)* will be essentially 
unchanged over a fairly wide variation in 7). For 
example, Table 2 was calculated for 7) = 293 K (20C), 
which corresponds to a relative humidity of about 50% 
for a dew point of 10 C. However, practically identical 
values of «, would be found if we had made the caleula- 


tion for any value of 7) ranging from 283 K (which 
corresponds to 100% RH) to 303 K (about 30% RH). 
Summing up, as a practical matter we can consider the 
apparent emissivity «, to be independent of surface 
temperature 7), a strong function of the total pre- 
cipitable water m,,,, and a weak function of both the 
pressure and temperature variation of the upper air 
containing My. . 

We can determine ¢, for typical conditions by cal- 
culating it for several dew points, just as was done for 
the single dew point of +10 C in Table 2, and plotting 
the results. Such a plot is given by Fig. 17. All the 
points for dew points of —10 C and greater were cal- 
culated with the p./p, = 0.10 curve of Fig. 13, and the 
calculations indicated that the effect of carbon dioxide 
was small. But for the low dew point of —20 C the 
effect of carbon dioxide was more noticeable, and was 
not properly accounted for by the p./p, = 0.10 curve 
of Fig. 13. In calculating this point, the correction 
corresponding to p./p, = 1.0 on Fig. 9 was used. In 
applying the corrections given by lig. 9 to the base 
water-vapor emissivity curve of Fig. 13, it should be 
remembered that the abscissae m,, of Fig. 9 refer to the 
water-vapor content of a column, and those of Fig. 13 
refer to a slab. We have assumed that 1.0 g/sq em in a 
slab is equivalent to 1.8 g/sq em in a column. Hence, 
for example, the correction to be applied at m,, = 1.0 
on Fig. 13 is that obtained by entering Fig. 9 at m,, = 
1.8. 

For typical atmospheric conditions, Fig. 17 is es- 
sentially the ‘“tanswer” towards which we have been 
working. The intensity of atmospheric radiation is 
given by 
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If we insert the values of ¢«, from Fig. 17 into the 
above, we finally obtain our estimate of the values of 
atmospheric radiation for the typical conditions used 
in calculating Fig. 17, viz., cloudless sky, site at sea 
level, and upper-air variation of temperature, water 
vapor, and pressure as given by Eq. [47] and Figs. 15 
and 16. The resulting values of A are plotted in Fig. 18. 

The quantity of particular interest in solar heat 
collector design, as well as in a variety of similar prob- 
lems, is the net radiation exchange between an exposed 
horizontal thermally black surface at air temperature 
and the sky above it. This is the quantity to which we 


assign the symbol R. 
m 4 ang 
= { | [52] 


This quantity R can be obtained from Fig. 18, by 


subtracting values of A from values of black-body 
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18—Typical values of atmospheric radiation from clear 


skies at sea level 


R NET RADIATION LOSS 
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;. 19—Typical values of R for clear skies at sea level—metric 

units. 
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Fic. 20—Typieal values of FR for clear skies at sea level 
English units. 


radiation. However, because of its practical importance, 
we have plotted it separately, in both metric and Eng- 
lish units, in Figs. 19 and 20. 


EFFECTS OF CLOUDS, ALTITUDE, AND OTHER 
VARIATIONS 

Figures 17, 18, 19, and 20 all refer to clear skies, sea 
level, and typical atmospheric variations with height 
of temperature, water-vapor content, and pressure. 

The effect of clouds is always to increase atmospheric 
radiation relative to clear sky conditions. Any cloud 
which is visually opaque may be assumed to radiate as a 
black body at the temperature of the cloud base. In 
general, the radiative effect of clouds is to ‘‘close the 
atmospheric window” of transparency in the 8.5-13 
micron region. A rough but reasonable method of al- 
lowing for this may be described by numerical example. 

Suppose that air temperature near the surface of the 
ground is 290 K and conditions are such that the eal- 
culated clear sky emissivity «, would be 0.80. However, 
the sky is completely covered with clouds whose base 
temperature is 250 K. We wish to determine e, for the 
cloudy condition. 

We begin by assuming that the 20‘ deficiency in 
radiation from the clear sky is entirely due to a region 
of complete transparency in the region of the ‘‘atmos- 
pheric window” and that all other portions of the 
spectrum would be black. This is not too bad an as- 
sumption, as can be seen from Fig. 7. Now the “black” 
cloud will radiate to the ground through this spectral 
window. The fraction of black-body radiation at 290 K 
contributed by the cloud will then be (250/290) x 
0.20 = 0.11. Hence the clear sky emissivity will be in- 
creased by 0.11, and the resulting over-all emissivity 
e, Will be 0.91. 

Provided the cloud base temperature can be esti- 
mated, the above scheme is probably a good one for 
estimating the added apparent emissivity caused by 
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clouds. If the clouds do not cover the entire sky, ap- 
propriate allowance should be made for the per cent of 
sky actually covered and the position of the clouds. 
Clouds directly overhead naturally exert more in- 
fluence than those off to the sides of the sky. 

Other factors being equal, the effect of increasing 
altitude of site is always to decrease the atmospheric 
radiation, because of the influence of the pressure cor- 
rection Iq. [45b]|. At sea level, as we have already seen, 
the influence of the pressure correction on over-all 
emissivity is quite small. But if the site is at a higher 
altitude the pressure correction effect may be quite 
significant, because it “starts off”, so to speak, right at 
ground level, and its influence is felt in the important 
first few hundred meters of air above the site. 

Also, in general, other factors are not usually equal 
at higher altitudes. At a high altitude site the distribu- 
tion of water vapor above the site is apt to be different 
from that suggested as typical by Fig. 16. Hence, to 
estimate atmospheric radiation to be expected at high 
altitude sites, one should consider both the pressure 
correction and the water-vapor distribution above the 
site. 

Even at sea level, atmospheric conditions do not, of 
course, always vary with height in the typical fashions 
given by Figs. 15, 16, and Eq. [47]. If conditions are 
known to be different from those indicated by the 
typical curves, the emissivity ¢, should be calculated 
directly from Fig. 13, using a tabulation procedure 
similar to that of Table 2. In cases of low amounts of 
precipitable water (say m,, < O04 g/sq em) appro- 
priate carbon dioxide corrections from Fig. 9 should be 
used. 

If one has occasion to make a series of emissivity 
caleulations such as exemplified in Table 2, it should be 
noted that the form of that tabulation was chosen to 
best illustrate the basic procedures and reasoning in- 
volved, and is not necessarily in the most convenient 
form for making a series of calculations of this type. In 
particular, the engineer confronted with making a 
series of such emissivity calculations should familiarize 
himself with the meteorologist’s customary procedure 
of expressing heights in terms of pressure units (usually 
millibars). The utilization of this concept will usually 
result in more expeditious handling of the various 
calculations leading up to and embodied in an iteration 
such as Table 2. An example of a more “‘streamlined”’ 
tabulation than ours is given by F. A. Brooks.” In- 
cidentally, at least insofar as the determination of the 
intensity of atmospheric radiation near ground level is 
concerned, the graphical methods used by Elsasser' or 
Robinson” are more cumbersome than tabulation 
methods. 

In situations where the closest possible estimate of 
atmospheric radiation is desired, attention should be 


paid to the rapid variation of air temperature with 
height in the first few meters above the ground. As has 
already been mentioned, Eq. [47| does not properly 
apply in this region. The air temperature measured 20 
meters above the ground may, and often does, differ 
by one or two centigrade degrees from that measured 
two meters above the ground. And, in turn, the air 
temperature measured at two meters often differs one 
or two degrees from that measured 10 centimeters 
above the ground surface. Much further information on 
this matter is given in an excellent book by Geiger.”' 


DISCUSSION AND CONCLUSION 


We believe that the procedures developed in this 
article, together with the data presented, are adequate 
for most engineering problems requiring an estimate of 
the intensity of atmospheric radiation upon horizontal 
surfaces near ground level. 

The values of apparent atmospheric emissivity €, 
which we have derived in this article are a little higher 
than those usually appearing in meteorological litera- 
ture. For example, for the atmospheric conditions upon 
which Table 2 is based, and for which we obtained 
e, = 0.84, the values of ¢, for the same conditions as 
determined by F. A. Brooks,'’ Elsasser,"” and Robin- 
son,” would be about 0.80, 0.79, and 0.74 respectively. 

No two of the three authorities mentioned use the 
same set of corrections for slab emissivity, presence of 
‘arbon dioxide, and varying pressure, and none of them 
uses the set used in this article. However, the over-all 
effect of the various corrections used comes out about 
the same in all cases, insofar as the determination of €, is 
concerned. The chief reason for the differing estimates of 
e, lies in differing estimates of the hemispherical emis- 
sivity ¢, of water vapor. We have taken Hottel’s 
determination of water-vapor emissivity as the basis 
of our calculations, and his estimate is a little higher 
than those generally taken by meteorologists. 

Hottel and Egbert estimated that their values of 
water-vapor emissivity were accurate to about five per 
cent. Since, to a close approximation, A ~ e, ~ €, , the 
indicated accuracy of A as calculated from their water- 
vapor emissivity measurements perhaps is also on the 
order of 5 per cent, certainly should not be considered 
as much closer than this. 

A small fractional uncertainty in A leads to a con- 
siderably larger fractional uncertainty in R. As is 
readily found from Eqs. [51] and [52]: 


dR & dA O8 dA 


Hence a 5 per cent uncertainty in A implies some- 
thing like a 20 per cent uncertainty in R. It may be 
mentioned that 2 can be determined by direct outdoor 
measurement, using various types of radiometers de- 
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veloped for the purpose. However, the present accuracy 
of these devices is often considered to be no closer than 
10-20 per cent.'' Consequently, as a practical matter, 
at the present time there does not seem to be much to 
choose between the accuracy of R as determined by 


emissivity calculations such as those developed in this 


article, and its accuracy as determined by direct meas- 
urements. 

The heat transfer engineer who has read to this point 
is by now aware that there is nothing particularly 
mysterious about atmospheric radiation—in its funda- 
mentals it is a problem quite similar to the problems 
encountered in connection with radiation from non- 
luminous gases in furnace design. However, it is hoped 
that this exposition of the details of atmospheric 
radiation calculations will be helpful both to designers 
of solar heat collectors and others who find it neces- 
sary to “put some numbers” to the fact that ‘ta clear 
sky is ‘colder’ than air temperature near the ground.” 
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Flow Systems in the Solar Furnace and the 


Photolysis of Nitrosyl Chloride’ 


Rudolph J. Marcus and Henry C. Wohlers 


This paper reports the design, construction, in- 
stallation, testing, and use of various flow systems 
in a 2-ft-diam solar furnace. The flow system 
finally used is more complex than usual, since it 
was designed to handle a corrosive solution of 
nitrosyl chloride in carbon tetrachloride. 

In this flow system the focal spot of the furnace 
is contained in the center of a 15-mm-diam 
quartz tube through which solution is pumped at 
the rate of 500 ml per min. Alternatively the focal 
spot is in a free-falling stream of solution which 
impinges on a splash plate immediately after 
illumination. 

The flow system achieved two objectives. 

1. The separation of the photoproducts before 
appreciable back reaction occurred. 

2. Adequate temperature control without any 
cooling. 

The flow system was used to study the photol- 
ysis of nitrosyl chloride in carbon tetrachloride 
solution to form nitric oxide and chlorine. The 
results can be summarized and compared with 
those of the static system which was studied 
previously. 


Flow System Static System 
Average quantum yield 0.22 0.023 
Average energy stored as percentage 
of available energy in the 3000- 
6300 A range 1.71 0.18 


These results were obtained without optimization 
of various experimental parameters such as light 
intensity, flow rate, concentration, etc. 


INTRODUCTION 


The photodecomposition of nitrosyl chloride is one 
promising reaction for the photochemical storage of 
solar energy. This reaction, 

2 NOCI & 2 NO + Ch, [1] 


is listed in Daniels’® table of photochemical quantum 


* This work was supported by the Air Force Cambridge 
Research Center under Contract AF 19(604)-7302. 
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vields. Thermodynamically the photodissociation of 
nitrosyl chloride is endergonic by 4.9 keal/mole. The 
efficiency, Q, of conversion of radiant energy to chem- 
ical energy as defined by Calvert‘ is 21.8°. The free 
energy stored in the products of this reaction is avail- 
able upon demand by recombination of the nitric oxide 
and chlorine to form the original nitrosyl chloride. 

Many authors!-® 7-9 13, 16-21, 23,24 have reported on 
the results of both the thermal and photochemical 
decomposition and recombination of nitrosyl chloride. 
These results have been discussed in a previous paper." 
All available physical, photochemical, and thermo- 
chemical data on nitrosyl chloride, nitric oxide, and 
chlorine are also gathered in that paper. 

Reaction [1] occurs in solution as well as in the gas 
phase. This is significant for possible energy storage 
applications of this reaction, because it provides 
separation of the photoproducts. Chlorine stays in 
solution and nitric oxide, being much less soluble in 
solvents such as carbon tetrachloride, can be stored in 
the gas phase. 

Neuwirth,” using a 500-watt projection lamp as a 
source of light, found quantum yields ranging from 
0.7 to 1.1 for the primary reaction of decomposition of 
nitrosyl chloride in carbon tetrachloride; these values 
dropped to 0.05 to 0.1 when a steady state was reached. 
This author suggested that the best way to reduce the 
effect of the back reaction was to use a dynamic system 
in which the carbon tetrachloride solution of nitrosyl 
chloride was continuously removed from the reaction 
vessel. 

Pitts, Margerum, and McKee! discussed the photo- 
decomposition of gaseous nitrosyl chloride for space 
power generation. These authors calculated that the 
maximum theoretical efficiency for this reaction, 
utilizing the 2150-6300 A range (about 562 w /m*), was 
16.9. Using a mereury lamp (4750 A), about 80% 
decomposition of gaseous nitrosyl chloride at 400 mm 
Hg pressure occurred in 10 min. The rate of the back 
reaction was such that half of the photolysis products 
recombined after about 15 min in the dark. 

We have previously reported’ on the insolation of 
nitrosyl chloride in carbon tetrachloride at the focus 
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of a 2-ft solar furnace.” In experiments using a static 
system, less than 27 of the initial nitrosyl chloride was 
decomposed—based upon pressure readings and upon 
the chloride ion titration (Volhard method) of the 
initial and final solutions. In a preliminary experiment, 
a gravity feed flow system was used in an attempt to 
minimize or prevent the recombination of the products, 
nitrie oxide and chlorine. The results with the pre- 
liminary flow system approximated those with the 
static system. 

We are now reporting on the photolysis of nitrosyl 
chloride in carbon tetrachloride in a dynamic system. 
The light source for the photolysis was, as before, the 
foeal spot of a 2-ft diam solar furnace. This work re- 
quired the installation of a flow system in the solar 
furnace. This system will be described first. 


DESIGN AND OPERATION OF A FLOW SYSTEM 
IN THE SOLAR FURNACE 

The Solar Furnace as a Light Source 

The solar furnace was used as a light source for the 
nitrosyl chloride reaction. We have found that photo- 
chemical reactions generally proceed by the same 
mechanism in the solar furnace as under laboratory 
conditions. This use of the solar furnace, rather than 
uneconcentrated sunlight, means that a far greater 
output will be obtained from reactions which will 
convert solar energy into various other, storable, 
forms of energy. Such studies and the equipment to 
handle such reactions, as well as the instrumentation 
to follow them, have been developed and described.!°™. 


Advantages of Flow System 

Various flow systems were constructed which allowed 
the reactant molecules only limited time in the focal 
spot of the 2-ft front-surfaced parabolic mirror. The 
residence time was controlled by using a direct pump- 
ing svstem to feed a reactant solution through a small 
insolation cell. 

Advantages of a flow system for photochemical 
reactions are obvious. If the reacting solution (or gas) 
could be pumped quickly through the highly concen- 
trated light at the focus of a solar furnace, the extent 
of the reaction could be controlled by the residence time 
in the focus. Further, the rate of a reverse reaction 
would be drastically minimized if one product could be 
removed from the system. Swift passage of the material 
through the focus would reduce the unwanted de- 
composition of light- or heat-sensitive chemicals. 

Another advantage would be a large reduction in 
capital costs for heat transfer equipment in commercial 
installations. Because the residence time of the solution 
in the focus of the solar furnace would be short, heating 
would be minimized and the cooling system, if re- 
quired, would be small. 


Although the study of flow systems for the solar 
furnace is of general value for photochemical reactions 
in a concentrated light source, the emphasis in the work 
reported here was on the decomposition of nitrosyl 
chloride. 


Corrosion of NOCI and Solvent Effect of CCl, 


Design of the flow system was hampered by the 
corrosive action of the nitrosyl chloride and the solvent 
effect of the carbon tetrachloride. Materials compati- 
bility tests'® have shown that, among the metals, 
nickel, monel, tantalum, and Udimet 500 have good 
resistance to nitrosyl chloride; among the plastics, 
unplasticized Kel-F film and Teflon have good re- 
sistance, and others such as Silastic LS-53, polyethylene, 
Viton A, Kel-F elastomer, and Hypalon have sufficient 
resistance to attack to be considered for some applica- 
tions. Other data® have indicated that Teflon, Kel-F 
elastomer, and Compar (polyvinyl alcohol) have good 
resistance to carbon tetrachloride. These were the 
major materials of which the flow system had to be 
constructed. 


Pump for NOCI System 

A Teflon pump with a Kel-F elastomer liner was 
obtained for the nitrosyl chloride flow system. This 
Vanton Flex-i-liner pump* is unique in that pumping 
is accomplished by a rotor mounted on an eccentric 
shaft which rotates within the elastie liner. This 
creates a squeegee action on the fluid trapped between 
the liner and the inside of the rigid Teflon body block. 
No metal parts are in contact with the pumped fluid; 
the body block and the flexible liner are the only two 
pump parts in contact with the pumped fluid. Both a 
Kel-F liner and a Compar liner were tested. During 
two months of experimentation with solutions up to 
0.5 molar nitrosyl chloride in carbon tetrachloride, 
both liners were satisfactory, although the Compar 
liner showed some evidence of solvent action. 

Other, simpler pumps could be used if less corrosive 
liquids were used. The one disadvantage of the pump 
used in these tests was that the squeegee action pro- 
duced a pulsating solution flow. It was thus necessary 
to insert a surge vessel into the flow system to mini- 
mize this pulsating action. 


Pump Motor 


In order to obtain a variable solution flow, a }-hp 
General Electric Company half-wave thymotrol drive, 
direct-current motor was connected to the pump. In 
this electronically controlled system, the controller 
converts alternating current from the 220-v power line 


* Model XB-T6, Maximum capacity 1 gpm H:O at 70°F, 
0 psig, Vanton Pump and Equipment Corp., Hillside, N. J. 


| 
VOL. 
5 
| 1961 
122 


SEPARATORY 
FUNNEL 
GAS 
MERCURY MERCURY MERCURY 
an. J MANOMETER MANOMETER MANOMETER 
GAS 
storace | = 
“Tr EL LIQUID 
REACTION CELL FLOWRATOR FLOWRATOR 
* LIGHT RAYS RAYS 
S| surce/ CELL «LIGHT 
L LIQUID 2 VESSEL\LITER/ RAYS 
FLOWRATOR LITER LITER i 
FRONT FRONT 
SURFACED 7 SURFACED SURGE 
PARABOLOID GAS RELIEF TEFLON GAS RELIEF PARABOLOID VESSEL 
VESSEL MERCURY (1 LITER) 
TEFLON MANOMETER 
Wy PUMP wW FRONT Ww . TEFLON 
SURFACED PUMP 
_, LIQUID STORAGE VESSEL PARABOLOID 
(AND SURGE VESSEL) MERCURY 
(2 LITER) Z LIQUID MANOMETER 
——__* COOLING VESSEL STORAGE LIQUID 
VESSEL TOR 
COOLING (2 LITER) COOLING VESSEL 
VESSEL VESSEL (2 LITER) 


SYSTEM 5 


Fic. 1—Flow systems for liquid phase photochemical reactions. 


to direct current to drive the motor; the d-c shunt 
motor is designed for use with the controller. The motor 
speed was adjustable over a wide, stepless range from 
0 to 1750 rpm. Specifications stated that with constant 
line voltage and motor temperature the sustained 
change in speed would not exceed 3‘: of top speed 
from “no load” to “full load” for any speed within the 
rated speed range. 


Flow Apparatus 

Three different flow systems were used; these are 
shown in Fig. 1. Figure 2 shows the flow system in 
actual operation. In system 5 (Fig. 1), the nitrosyl 
chloride storage vessel and the surge vessel to mini- 
mize the pulsating flow were combined into a single 
unit; pressure from the discharge side of the pump 
forced the solution from the liquid storage vessel 
through the system. For system 6, a separate surge 
vessel was used, so the suction side of the pump was 
connected directly to the solution in the liquid storage 
vessel. System 7 was a modification of system 6; in 
system 7, the surge vessel was an integral part of the 
flow apparatus so that there was a minimum holdup 
of liquid in that vessel. The three systems worked 
equally well in the flow experiments. Each system may 
have a particular advantage depending upon the 
photochemical reaction under investigation, and it was 
felt that system 7 was most advantageous for the 
nitrosyl chloride-carbon tetrachloride system. 


Reaction Cells 

Four quartz reaction cells, shown in Fig. 3, were 
designed, constructed, and tested. Cells H and I were 
designed with a splash plate to facilitate quick separa- 


SYSTEM 6 


SYSTEM 7 


Fic. 2—Flow apparatus showing system 5 and reaction cell 
H in operation. 


tion of nitric oxide from the dissolved chlorine. In these 


cells the focal spot could be located at any point of the 


free-falling stream between the nozzle and the splash 
plate. In practice, the focal spot was located either at 
the nozzle tip or at the splash plate itself. In the latter 
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the stream between nozzle and splash plate. In cells J 
systems—In cells H and I, the focal spot is located in 


and K, the focal spot is at the center of the liquid. 


Fic. 5—Flow apparatus showing cell K in operation (photo- 
graph taken at f 32, 1/400 sec). 
‘ase, concentrated illumination of a thin film was 
obtained. Cells J and K were designed so that the focal 
Flow apparatus showing cell H in operation (photo- spot Was In the body of the solution ; these two cells 
graph taken at f 32, 1/400 sec) were not designed specifically for the nitrosyl chloride 


GAS GAS 
I ouT ouT 
A 
24 
I 
2 
YY 
4 ~ l 3 
4 
4 GAS 
I \ OUT GAS 
OUT i 
\ POSITION | 
\ OF FOCUS 
5 
4 = 
a 
ul 4= 
8 
VOL. 
J 5 
1961 
|| 
| 
124 


Fig. 6—Flow apparatus showing system 7 and reaction cell 
K in operation. 


reaction. Cell J was, however, similar to the cell used 
in the static system, but without any provision for 
cooling in the area of the focal spot. Cell IK provided a 
greater light flux for a small instantaneous volume of 
solution and had provisions for degassing. Figures 4 
and 5 show detailed photographs of cells H and k, 
respectively, in actual operation. Figure 6 shows cell 
IX in operation in system 7. 


Operating Procedure 
At the start of a run, the entire system was flushed 
with argon to displace atmospheric oxygen. The 


storage vessel, containing the nitrosyl chloride-carbon 


tetrachloride solution, was attached to the apparatus 
after aliquots were removed for analysis of the nitrosyl] 
chloride by the Volhard method. 

The pump was then started to force the solution 
through the system; after flow equilibrium was at- 
tained, the reaction cell was exposed to concentrated 
light. During the run, changes in gas pressure were 
recorded. At the conclusion of a run, aliquots of the 
photolyzed carbon tetrachloride solution were taken 
for chloride analysis. 

During these experiments, solution flow rates of 50 
to 600 ml/min were used without evidence of any 


appreciable heating of the solution in either the reaction 
cell or the liquid storage vessel. 


EXPERIMENTAL DATA 


Preliminary experiments showed that flow system 7 
produced the most reliable data of the photolysis of 
nitrosyl chloride. It was designed so that the gas 
pressure at the three major vessels could be measured; 
the type of surge vessel used in these experiments 
minimized the holdup of the circulating liquid. 

During the experiments with concentrated light, it 
was noted that the gas pressure in the gas storage 
vessel increased. This pressure decreased when the 
cover was placed on the furnace, exposing the cell only 
to the unconcentrated light of the sun. To determine 
the effect of the concentrated light on the net decom- 
position of nitrosyl chloride in the flow system, the 
pressure-volume products of the three parts of the 
system were algebraically added. 

The necessity for this procedure is demonstrated in 
Fig. 7, in which the liquid flow rate is plotted against 
the speed of the pump motor for two experiments (nos. 
44 and 46). The flow rate was increased and decreased 
several times in these experiments; the numbers 
represent the sequence in which the readings were 
taken and thus show whether the flow rate was in- 
creased or decreased at each point. The range indicates, 
where it is given, the spread of readings over a period 
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Fic. 7—Liquid flow rate dependence on speed of pump motor 
at constant sum of the pressure-volume products ([PV) 
of the three components of the flow system—NOCI- 
CCl, solution in unconcentrated light; system 7 and 
cell K; numbers show sequence of readings. 
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Fic. 8—Results of four typical experiments with concentrated 
X) and unconcentrated (QO) light 


of time. It should be noted that these readings make 
sense only when they are taken at a constant sum of 
the pressure-volume products of the three components 
of the flow system, viz., the liquid storage vessel, the 
surge tank, and the gas storage vessel. 

experiments 44 and 46 (shown in Fig. 7) also serve 
as blank runs. They were performed with unconcen- 
trated light (i.e., with the cover on the furnace). Any 
effect which is due to the unconcentrated light should 
be reflected in these curves. 

Results of three typical experiments with concen- 
trated light are shown in Fig. 8. Data for experiment 
57 show that the pressure-volume increase upon 
exposure to concentrated light was 19 and 20 em-l 
respectively, for the time period 41-58 min and 70-86 


min; based upon a gas volume of 3.0 1], the increase in 
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pressure was 6.5 em Hg. The increase in pressure for 
experiment 49 was 1.8 em Hg; for experiments 60 and 
62 it was 2.9 and 2.7 em Hg, respectively. This pressure 
increase may be considered as the net effect of con- 
centrated light on the carbon tetrachloride solution of 
nitrosy! chloride—or expressed differently, the excess 
of nitrosyl chloride decomposition over the recom- 
bination of the reaction products, nitric oxide and 
chlorine. The magnitude of the pressure increase upon 
illumination may be gauged by subtracting 228 (i.e., 
three times atmospheric pressure) from the =PV 
figures. 
DISCUSSION OF RESULTS 

The results may be expressed in terms of the photo- 
dissociation of nitrosyl chloride and of the recom- 
bination of the photoproducts nitri¢ oxide and chlorine. 
The pressure rise upon exposure to concentrated light 
(“cover off” in Fig. 8) shows that gas is being given off, 
and that the rate of production of that gas rapidly 
approaches a steady state. The location of the steady 
state is governed by the speed of the back reaction, 
which occurs mainly where the gas storage system 
joins the liquid circulating system. 

Once the steady state has been established, the gas 
is generated only as fast as it is consumed by the back 
reaction. On the other hand, if the gas were withdrawn 
continuously to feed a nitrosyl chloride fuel cell, the 
steady state would be upset and the gas would be 
generated at the rate at which it is generated in the 
approach to the steady state in our experiments. 


Rate of Reaction 

On this basis we can calculate a forward rate of 
reaction [1] as it occurs in the solar furnace. The net 
rate (R,) of reaction [1], which is the quantity we 
observe, is the difference between the forward rate 
(R,;) and the backward rate (R,), which can be eal- 
culated from known rate constants 


R, = R, — Ry = kI{[NOCI] — [CL] [2] 


These calculations are carried out for some flow experi- 
ments in this series in Table 1. It should be noted that 
the backward rate is a small, but noticeable part (of 
the order of 3°) of the net rate, and that the rate of 
gas evolution perforce decreases to that value when 
the steady state is established. 

The same calculation can be carried out for experi- 
ments with the static system, which are shown in 
Fig. 5 of ref. 13. The backward rate was somewhat 
higher in these experiments than it was in the flow 
experiments, and the net rate of gas evolution was of 
the same order of magnitude as that found in the 


flow experiments. 
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TABLE 1—Rates, Quantum Yields, and Calculated Energy Storage for Photolysis of Nitrosv! Chloride in Flow System 7 


R, 
moles/1-min 


R 


n 
moles/1-min 


Energy 

Storage in 
3000-6300 
A Range 


Light Maximum 

Saturation Energy 

moles/1 Factor Storage 
% cal/min 


Flow System 


10-4 
10-4 
10-4 
10-4 
10-4 
10-4 
10-4 
10~* 


1073 3.33 
10-4 1.67 
107+ 3.66 
10-4 1.313 
10-4 10.2 
10-4 2.14 
1074 33.8 
1074 53.0 
10-4 6.15 
10-4 5.98 
10-4 5.98 


| 


XK KKK KKK K KK 
| KK KKK XK 


Average 


075 


bo bo 


Static System 


10-4 
10-4 
10-4 
10-4 


46 
tef: 13 
Fig. 5 


m bobo bo 


Average 


Light Utilization 


Nitrosyl chloride in solution absorbs light fairly 
continuously" between 3000 A and 6300A. This ab- 
sorption covers 38° of the solar spectrum.® Since the 
2-ft-diam solar furnace collects 49 w,” it collects 18.6 w 
in the wavelength range absorbed by nitrosyl chloride. 
This corresponds to a rate of energy collection of 266 
‘al/min in the 3000-6300 A wavelength range. If the 
average energy of a mole of photons is taken as 64 
keal einstein in that wavelength range, a photon flux 
min-) of 4.16 107% einsteins/ min exists at the 
focal spot. 

This figure enables us to estimate a quantum yield, 
¢, for gas evolution. When these are calculated from 
the net rate of gas evolution, they are listed as @, in 
Table 1. When they are calculated from the rate of 
the forward reaction, they are listed as ¢; in Table 1. 
The average of these quantum yields is 0.224, which is 
of the same order of magnitude as the value reported 
for a laboratory determination of the optimum quantum 
vield.' 

For comparison, quantum yields have also been 
‘aleulated for experiments with the static system." 
These average 0.023 and are a whole order of magnitude 
smaller than those for the flow system. 


0.023 


0.038 
0.022 
0.021 
0.018 
0.017 


It should be pointed out that these rough quantum 
yields have been obtained without knowing optimum 
values of such experimental parameters as concentra- 
tion, flow rate, and configuration of irradiation cell, 
and also without extrapolation to zero light intensity. 
Such optimization should be performed when a nitrosy] 
chloride fuel cell can be attached to the system. Un- 
der those conditions the power output and power stor- 
age can be measured in terms of light input and the 
other parameters already mentioned. 

One of the differences between the flow system and 
the static system is illustrated by a light saturation 
factor. This factor compares the number of molecules 
of nitrosyl chloride with the number of photons in the 
focal plane in unit time. It is seen from values of this 
factor in Table 1 that the static system was light- 
saturated, while the flow system was not light-satu- 
rated. 


Energy Storage 

The most precise indication of energy storage in 
these experiments would be to measure output from a 
nitrosyl chloride fuel cell. Since no such device was 
available, we have added to Table 1 two columns 
showing what this energy storage would be if all of the 


a 
4 
4 

/ ey / 
R 

x 49 1.( 1.07 0.077 0.243 0.350 4.9 53 0.58 
10-* | 2. 0.16 0.16 0.243 0.350 4.9 .32 
2.3 10-6 2.30 0.16 0.17 0.243 0.350 4.9 1.2 
52 1.( 0.12 (0.12 0.190 0.350 6.3 45 0.92 

2 2.3 10-* | 2.48 0.17 0.18 0.190 0.350 6.3 51 1.3 “g 
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% (2 1.4 10-* | 1. 0.11 0.11 0.265 0.350 4.5 16 0.81 

6.4 107-6 6.538 0.47 0.47 0.265 0.350 4.5 9.6 3.6 

0.224 1.71 

3.77 X 10°5 .95 0.040 0.162 130 0.78 0.29 
7 2.24 10-4 x 40 X 0.024 0.162 210 0.45 0.17 
16 1 2.10 10° 1.63 1075 0.023 0.162 230 0.43 0.16 
. 1.82 X 10-4 2.34 X 1075 04 X 0.020 0.162 - 310 0.36 ().14 
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gas evolved were converted to electrical power. One of 
these is the product of photon flux (4.16 X 10> ein- 
stein min), quantum vield, and free energy of recom- 
bination (4.9 keal mole). This is the rate of energy 
storage in cal min; it can be seen that this is a fraction 
of a watt. We can also compute the efficiency of this 
storage by dividing the rate of energy storage by the 
rate of energy collection (266 cal min); this efficiency 
averages 1.71 ‘ 

These quantities have also been evaluated for experi- 
ments with the static svstem. The energy storage was 
somewhat smaller in the static system than in the flow 
system. The efficiency of this storage averaged 0.18%, 
or a whole order of magnitude less than the efficiency 
shown by the flow system. 

What we have shown, then, is that a flow system is 
capable of separating the products of the photolysis of 


nitrosv! chloride. 
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Spectrally selective surfaces were assumed for 
which the monochromatic emissivity changed 
abruptly at specific wavelengths. These surfaces 
could be completely characterized by two param- 
eters: the height of the step change in emis- 
sivity, and the wavelength of the change. This 
characterization is more general than the widely 
used a/e ratio. 

Equilibrium temperatures were calculated for 
such surfaces when exposed to both focused and 
unfocused solar radiation at the earth’s orbit 
distance. Varying step heights at wavelengths 
between 0.3 and 20 microns were assumed. With 
unfocused radiation, temperatures as low as 40 
Kk were found for surfaces for which the emissivity 
increased from zero to unity at long wavelengths, 
and temperatures as high as 2400 K when the 
change was from unity to zero at short wave- 
lengths. For focused radiation, much higher 
temperatures were found. Such surfaces may 
find application in power-generation cycles or 
in the storage of cryogenic propellants in space. 


INTRODUCTION 


Spectrally selective surfaces, that is, surfaces for 
which the monochromatic emissitivity, «, varies with 
wavelength, are capable of controlling the temperatures 
of bodies where heat exchange is primarily by radiation. 
They are now being so used for the passive temperature 
control of payloads in space. Their use also has been 
proposed for power-generation systems both terrestrial 
(e.g., by Shaffer!) and in space (e.g., by Whitaker’) ; 
for such applications both high solar-energy absorption 
and low reradiation losses are desired. 

Shaffer! has shown analytically that for ideal spee- 
trally selective surfaces, i.e., those for which e changes 


stepwise with increasing wavelength from 1.0 to 0.0, 
the maximum efficiency of a solar-driven Carnot cycle 
is obtained with a collector surface which has the step 
change at 1.224 microns. His calculations were based 
on unfocused radiation and with the cycle discharging 
heat to a 300 K reservoir. Shaffer also considered the 


efficiencies of cycles in which the e steps were from 
0.9 to 0.01 and 0.02 and in which there were parasitic 
conduction-convection heat losses. Whitaker? has 
considered the form of the analytic solutions required 
to specify the optimum surfaces for the generation of 
power in space. 

Presented herein are the results of a further study of 
the performances of such surfaces in regard to their 
equilibrium temperatures when exposed to solar radi- 
ation at the earth’s orbit distance. Ideal surfaces were 
considered in which the cutoff wavelength varied from 
0.35 to 20 microns, for surfaces for which smaller step 
changes in e were made, and for surfaces for which the 
e change with increasing wavelength is from lower to 
higher values. The last type might find applications as 
coatings for eryogenic fuel tanks in space. These 
equilibrium temperatures were calculated for both 
unfocused and focused radiation and are presented as 
curves in which the step height and the wavelength 
for the step are parameters. 


MODEL AND PROCEDURE 

Spectrally selective surfaces were assumed in which 
€ is a step function of wavelength as shown in Figs. 
I(a) and (b). These surfaces can then be fully described 
by the wavelength, A, and by the departures A; and 
A» from total absorption or total reflection as also 
shown in Fig. 1. In this analysis it was further assumed 
that A = A; = Ay. Where A > 0.5, & is greater at short 
wavelengths than at long ones, and where A < 0.5, 
€ is greater at longer wavelengths. Where A = 0.5, the 
surface is gray with an emissivity of 0.5. 


» 


EMISSIVITY, 
€ 


MONOCHROMATIC 


WAVELENGTH => 
(B) A< O05 


WAVELENGTH 
(A) 4 >05 


Fig. 1—Model of step changes in monochromatic emissi- 
vity. 
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Fic. 2—Equilibrium temperatures of back insulated plate at 
earth’s orbit as functions of A and X. 
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Fic. 3A—Equilibrium temperature of back-insulated plate 
at earth’s orbit using focused radiation. 


For unfocused radiation, an incident flux of 1350 
w/m* with an energy-wavelength distribution charac- 
teristic of a 5800 K black (or gray) source was used. 
It was assumed that there were no other energy 
sources; that is, that the plate was outside the influence 
of the earth’s albedo and radiation, and that the plate 
reradiated to 0 K space. It was also assumed that the 
plate was perfectly insulated on the back side and was 
normal to the incident flux. 

The radiant flux absorbed per m? of surface is then 


where 
Rso» \ is the fraction of the total radiant flux from 
| the sun found at wavelengths shorter than 


) is the fraction at wavelengths longer than \ 


A is the previously mentioned departures from total 
reflectivity and total absorbtivity. 
Similarly the flux radiated away per m? of surface is: 


-A 2 


°K 


TEMPERATURE, 


WAVELENGTH, MICRONS 
(B) WITH 10,000:1 CONCENTRATION RATIO 


lated plate at earth’s orbit using focused radiation. 


Fic. 3B—Concluded. Equilibrium temperature of back-insu- 
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Fig. 4—Spectral emissivity of Cu-Ge-SiO filter (Redrawn 
from Ref. 6, Fig. 6). 


and 

Rr Rro-« 

are the same functions as described for Equation [1} 
but are now evaluated at the collector temperature 7, 
and where o is the Stefan-Boltzmann constant. 

The temperatures for the surfaces were calculated 
for various values of \ and A by setting gap, equal to 
Graa- The caleulations were done using values 
of Planck’s funetions taken from the Lowan and 
Blanch tables.* 

Similar calculations were also made for focused 
radiation at concentration ratios of 100: 1 and 10,000: 1. 
These ratios might be attained with parabolic cylinder 
and parabaloidal collectors, respectively. The same 
effects would also be obtained by moving the surface, 
without focusing, towards the sun to about 75 and 7)» 


where 


of the earth’s orbit distance. 
RESULTS 
With Unfocused Radiation 
For A = 0.5, or for any other uniformly gray (or 
black) surface, the equality of Equations [1] and [2] 
reduces to 


1350 « = oT%e 


1350 = oT 


and T = 393 Kk. This, then, is the temperature of a 
semi-insulated plate with a nonspectrally selective 
surface under the simplifying assumptions used herein. 
The more real situation of an earth satellite exposed to 


albedo and earthlight has been treated elsewhere 


(e.g., Tousy*), as has the problem of nonrotating and 
rotating spheres (Jenness®). 

For spectrally selective surfaces, the results are 
shown in Fig. 2 for \ between 0.35 and 20 microns and 
for values for A of 1.0, 0.90, 0.75, 0.50, 0.25, and 0.0. 
The curves show that very high or very low tempera- 
tures are obtained only with surfaces in which e 
changes abruptly from 1.0 to 0.0. Under these condi- 
tions equilibrium temperatures range from. as high as 
2470 K for A = 1.0 and = 0.345 microns to as low 
as 40 K for A = 0.0 and X = 20 microns. 

lor surfaces where A ~ 1.0 or 0.0, interesting but 
far less extreme equilibrium temperatures result. These 
surfaces approach gray-body temperatures at each end 
of the wavelength scale because they are effectively 
near-gray bodies. For example, a surface with A = 0.9 
and a cutoff wavelength of 0.35 is a light gray body 
(with e« = 0.10) to 93 percent of the solar radiation 
and to substantially all of the collector-plate radiation; 
the high « of 0.9 operates only on 7 percent of the 
solar radiation. These curves have broad maxima and 
minima in the neighborhood of 2 microns. 


With Focused Radiation 


Again, when A = 0.5 or for any other uniformly gray 
(or black) surface, the equality of Equations [1] and 
[2] reduces to 

oT* = 1.35 X 10° 
for a concentration ratio of 100:1 with T = 1242 k, 
and 

oT* = 1.35 X 10° w/m? [5] 
for a concentration ratio of 10,000:1 with 7 = 3928 kk. 

For spectrally selective surfaces the results are 
shown in Fig. 3(a) and (b) for A values of 1.0, 0.9, 0.75, 
and 0.5 and for wavelengths between 0.3 and 20 
microns. Calculations were not made for A < 0.5 since 
there is no point in using focused radiation while 
working towards reduced temperatures with this type 
of surface. 

Figure 3 again shows the very high temperatures 
that can be obtained with surfaces in which « changes 
abruptly from 1.0 to 0.0 at the shorter wavelengths. 
Much lower temperatures are attained when A = 0.9 
and 0.75. For these latter types the wavelength that 
yields highest temperatures shifts from about 2 microns 
for unfocused radiation to about 1 micron for 100: 1 
concentrated radiation to about 4 micron at 10,000: 1 
concentration. 


DISCUSSION 


Figures 2 and 3 show the theoretical promise of 
surfaces having sharp changes in monochromatic 
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emissivities. This may be of no great importance to the 
control of payload temperatures in satellites where 
surfaces having but moderate changes in monochro- 
matic emissivity can hold temperatures to near 300 K. 
They may also be of minor importance to space radi- 
ators where high-emissivity surfaces are most effective. 
However, for applications where either very high 
temperatures are desired or where very low tempera- 
tures would be useful, as for the storage of cryogenic 
propellants in space, surfaces giving the temperatures 
shown in Figs. 2 and 3 are worthy of consideration. 
Surfaces with A very near to 1.0 have, in fact, been 
made experimentally. Haas, Schroeder, and Turner® 


prepared multilayer filters in which the monochromatic 


reflectance changes quite abruptly from near 100 “7 to 
near 0° as wavelength increases. Their data for a 
Cu-Ge-SiO filter has been replotted, assuming mono- 
chromatic emissivity to be equal to unity minus 
monochromatic reflectivity, and is presented as the 
solid line in Fig. 4. This curve is not much different 
than the step-change models assumed herein. It might 
he considered a A = 1.0, \ = 0.82 surface, since the 
eurve crosses 0.5 emissivity at 0.82 microns. 

A ealeulation was made with unfocused radiation 
for this filter surface, using the step form approxima- 


tion shown as the dotted line in Fig. 4. An equilibrium 
temperature of 1465 K, which is but little lower than 
the 1500 K temperature shown for the A = 1.0, \ = 
0.82 surface of Fig. 2, was found. However, it must be 
recognized that the reflectance measurements reported 
by Haas et al.® were made at room temperature and 
that somewhat different values might be obtained at 
1465 Kx. In addition, this particular surface would 
almost certainly not be stable to such high tempera- 
tures, especially since the melting point of germanium 
is only 1232 K. Nevertheless, this example does indicate 
the promise of highly selective surfaces. 
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The mechanism of heating solids with radiant 
energy is reviewed and the need for measuring 
radiative properties is pointed out. Image furnaces 
are suitable for such measurement at high tem- 
peratures. The limitations of image furnace 
operations are discussed and methods as well as 
equipment offered to overcome the limitations. 
The importance of artificial black bodies in high- 
flux measurements is described and a new shape 
for such cavities is proposed. Data comparing 
this shape with hitherto used shapes are tabu- 
lated. Design for a fast-action on-off shutter for 
image furnaces is presented. In its retracted 
position the shutter does not cast any shadow on 
the mirror and it does not require artificial 
cooling even when exposed to radiation. 


INTRODUCTION 


During the past two centuries the transfer of thermal 
energy has become of great interest to scientists and 
engineers. The fundamental measurements which 
support the theory of thermodynamics are based on 
transfer of heat by conduction or convection (..e., 
measurements concerning specific heat, heat of re- 
action, heat of phase transformation, etc. For example, 
engineers use steam extensively as the main heat- 
transfer medium in industrial processes and the genera- 
tion of steam and its utilization for heating are based 
on transfer by conduction and convection. 

As a consequence these two forms of heat transfer 
have been studied extensively. Not only have the 
relevant fundamental laws been developed but also 
the constants necessary for the application of these 
laws to specific problems were determined for a wide 
range of conditions. This fortunate situation came 
about because these data were badly needed by in- 
dustry in its development from empirical operations 
to a well-defined and controlled technology. The 
collection of these data did not present great diffi- 
culties; methods and instruments once developed could 
be applied easily to the measurement of the constants 
for any new material. 

The same situation does not hold true for the third 
method of heat transfer, i.e., radiation. The definition 
of the fundamental laws of radiation engaged the 
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interest of such foremost scientists as Kirchhoff, 
Boltzmann, and Lambert; and problems arising from 
the explanation of the spectral distribution of radiant 
energy (“The Ultraviolet Catastrophe”), among other 
reasons, led Planck to the development of the quantum 
theory. Nevertheless, the detailed study of the more 
intricate problems in radiation and the measurement 
of specific data were lagging behind until recently. 

The cause of this state of affairs is just the opposite 
to those presented for the more abundant knowledge 
on conduction and convection phenomena. Below 
2200 I only a small fraction of the heat is transferred 
by radiation. Until recently, industrial processes were 
seldom performed above this temperature range, thus 
the need for radiation data was not very pressing. The 
academic interest in radiation measurements in the 
past was dampened by the extreme experimental diffi- 
culties connected with the use of intense radiant energy. 

During the past 15 years this situation changed 
considerably. Industrial processes were developed or 
conceived which require operation at temperatures 
far in excess of 2200 I. At the same time laboratory 
tools became available which permit experimentation 
and measurements in the range of 7000—100,000 F, and 
sometimes even higher. With a few exceptions these 
tools utilize radiant energy for heating as well as for 
observation and measurements. 


EFFECT OF THERMAL RADIATION ON SOLIDS 


When electromagnetic radiation impinges on a 
metal, an oscillating electric field is set up at the sur- 
face. In terms of classical mechanical theory the free 
electrons of the metal begin to oscillate due to the 
electromagnetic field. The oscillating electrons collide 
with the atoms of the metal and transfer to it part of 
their energy. The atoms take up this energy in the 
form of lattice vibrations and the metal heats up. The 
net effect of this process is that the metal absorbs the 
impinging radiation and it becomes hot. 

Not all of the energy of the free electrons is trans- 
mitted to the atoms of the metal. As the oscillation of 
the electrons increases under the effect of the electro- 
magnetic wave, the electrons begin to emit radiation 
and the entire material becomes a radiator. Since part 
of the incident radiation is reradiated, only the net 
heat input increases the temperature of the substance. 
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Fig. 1—Controlled atmosphere rotating sample holder. 


The effect is somewhat different in dielectrics which 
do not have free electrons. Their electrons can oscillate 
only with the natural frequency of the atoms to which 
they are bound. If the impinging radiation has a 
frequency indentical with or close to the natural 
frequency of the atoms, it is absorbed, thus producing 
the same effect as in metals. If radiation of a different 
frequency impinges on a dielectric, it will not be ab- 
sorbed and the dielectric will not heat up. 

From these considerations it follows that two im- 
portant parameters determine the effect of radiation 
on a substance. The first is the frequency of the radi- 
ation, the second is the resonant frequency of the 
elementary particles of the substance. These two 
parameters will determine what fraction of the radiant 
energy is absorbed and what fraction is reradiated by 
the substance. The thermodynamic state of the sub- 
stance is determined by the net energy retained in it. 
The reradiated fraction of the energy is an important 
indicator of certain properties of the substance, e.g., 
temperature and emissivity. 

Emissivity is an intrinsic property of a substance 
and it is a funetion of the wave length of the radiation, 
the temperature of the substance and the direction of 
observation. For nonisotropic substances it may also 
depend on the altitude and azimuth of observation 
relative to the surface. Unfortunately, there is no 
theoretical knowledge available which could be used to 
calculate emissivity from parameters defining the 
structure of a substance. Accordingly, emissivity has 
to be measured as a function of each applicable param- 
eter. Since the knowledge of emissivity is required 
during most high temperature experiments (optical 
methods were 


pyrometry, radiant emission, etc.) 


sought for the measurement of emissivity at high 


temperatures. Image furnaces, utilizing radiant energy 


for the heating of a specimen appear to be the most 
suitable tools for such measurements. 


USE OF IMAGE FURNACES 

The principle of operation of image furnaces and 
their advantages in high-temperature research have 
been discussed before.!? Here only the two most im- 
portant characteristics of such furnaces will be men- 
tioned: the high heat fluxes (temperatures), and the 
pure condition of heating which can be obtained. 

However, image furnaces place certain limitations on 
experimentation. For successful operation it is therefore 
important to develop special equipment as well as 
special methods which take into account these limita- 
tions. 

The first limitation is the small size of the hot zone 
in an image furnace. It is not technically possible to 
increase the image size without decreasing the flux in 
‘arbon-are image furnaces. In solar furnaces a larger 
image may be obtained by increasing the collector. 
However, the manufacturing problems involved in the 
building of large solar furnaces are considerable. It 
appears that a better solution to this problem is to 
change experimental techniques so as to make use of 
the small image size. The precision of the measurements 
is not necessarily affected by the reduction of the size 
of a heated sample. If the experience of microanalytical 
techniques can be applied here, the decrease in sample 
size May even increase the accuracy of certain tests. 

The second limitation, namely, that heating takes 
place only on one side of the sample is more restrictive. 
Heating in a cavity has been suggested*® to overcome 
this difficulty. It appears, however, that the refrac- 
toriness of the cavity material sets a rather low tem- 
perature limit on such a technique. In addition, owing 
to the presence of a sample in the cavity it is unlikely 
that a uniform wall temperature can be reached. A 
more promising technique is the rotation of the sample 
around an axis perpendicular to the optical axis of the 
image furnace to achieve even heating around the entire 
circumference. 

Figure 1 shows a sample holder mechanism designed 
for this purpose. The sample holder clamps are mounted 
in ball bearings. One of the clamps is driven by a 
servomotor through a gear train, the other rotates 
freely. Both are water-cooled. The entire sample 
holder is covered with a fused-silica bell jar thus per- 
mitting operation in controlled atmospheres. 

Figure 2 illustrates a sample holder in which the 
sample rotates around the optical axis of the image 
furnace. Asymmetry of the image can be reduced 
greatly with this technique. This sample holder is also 
equipped for operation in controlled atmospheres or in 
vacuum. An oscillating wiper is provided to remove 
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deposits from the inside of the silica jar, which would 
reduce the flux inside the sample holder. The blade of 
the wiper is a steel wire wrapped with a refractory tape, 
tailored to the shape of the bell jar. 

The third limitation imposed by the fundamental 
optics of image furnaces is the nonuniformity of the 
flux across the image area. Owing to the ratio of radi- 
ation-sourece diameter and its distance from the image 
furnace, the recreated image has a more or less regular 
bell-shaped flux distribution. Accordingly, a sample 
heated in an image furnace will have a similar tempera- 
ture distribution. The measurement of a property, e.g., 
electrical resistivity, performed on this sample yields a 
value which cannot be related to any one temperature 
and is therefore meaningless. 

A new experimental technique has been developed 
which makes it possible to obtain meaningful values 
of a property for narrow temperature intervals from 
measurements in the wide-range temperature distri- 
bution of an image furnace if the distribution is well 
defined. Such is the case in the solar furnace. 


FLUX MEASUREMENTS 

The high temperatures encountered 
radiant energy are usually determined by measuring 
the flux impinging upon or emitted by the sample. The 
flux is measured with calorimeters or with radiometers 
Several water-cooled 


when using 


calibrated with calorimeters. 
calorimeters have been designed which are suitable for 
use in image furnaces.*: > These calorimeters contain a 


Controlled atmosphere sample holder with wiper. 


ie 


(a) (b) 


(c) (d) 


Fig. 3—Shapes of artificial black bodies. 


spherical cavity as an artificial black body to absorb 
the incident radiation. 

The problem of finding the optimum shape for an 
artificial black body has been investigated extensively. 
Buckley studied the radiation from the inside of a 
circular cylinder. He derived an expression for the 
radiation from an annulus to any other annulus in a 
evlinder of infinite length taking into account multiple 
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reflections. He then applied the same method to the 
case of a finite uniformly heated cylinder and obtained 
an approximate solution. Finally, he adapted the 
method to the problem of a uniformly heated finite 
evlinder closed at one end; a shape which closely 
approximates some artificial black bodies being used 
in optical pyrometry. 

One of the most interesting results of his work is the 
relationship between cylinder length and orifice radius. 
It is shown that if the emissivity of the cylinder wall is 
0.75 a eylinder length orifice radius ratio of 3.8 gives 
radiation intensities within 1 per cent of black-body 
radiation. This ratio decreases rapidly as the emissivity 
of the wall increases, with the result that for materials 
of high emissivity the length of the cavity can be 
greatly reduced without reducing the orifice radius. 

Gouffé compared the sphere, the cylinder, and the 
cone in his search for the optimum artificial black-body 


shape.’ He based his comparison on the value LR, 


where L is the length of the black body and R is the 
radius of the orifice. From these data he caleulated the 


TaBLe 1—Comparison of Proposed Black-body Shapes 
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0.500 
0.200 
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* Shapes considered by Gouffé 
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* Comparison of shapes with sphere (s/S 


MIRROR 


EXTENDED POSITION 


total surface area of the cavity, S, and the surface area 
of the orifice, s. The ratio s/S then expresses the rela- 
tive value of the cavity as an absorber. It should be 
pointed out, however, that in his calculations 8 in- 
cludes the area of the orifice s which is not an absorbing 
surface. A more precise expression for the evaluation 
of the cavity would be s (S — s). The shapes con- 
sidered by Gouffé are shown in Fig. 3(a, b, ¢). 


A NEW SHAPE FOR ARTIFICIAL 
BLACh BODIES 


During the present investigations a new shape for 
artificial black bodies was conceived, consisting of a 
truneated right cone with the smaller end as the orifice. 
The bottom of the cavity is a right circular cone, 
Fig. 3(d). In a cavity of this shape only a very small 
fraction of the total area ‘‘sees’”’ the orifice perpendicu- 
larly, and accordingly losses due to reradiation are low. 

Gouffé’s method of evaluation has been applied to 
this shape. The results, together with Gouffé’s data for 
the shapes he has considered are presented in Table 1. 

The data in Table 1 show that if the L/R value is 
greater than 2 both the eylinder and the cone are 
inferior to the sphere as far as the s S value is con- 
cerned. However, the double-cone shape results in a 
s S value which is more favorable than that for a 
sphere even for LR ratios as high as 8. 

It should be pointed out that the ratio s S does not 
completely express how closely an artificial cavity 
approximates the radiation characteristics of a black 
body. The effect of multiple reflections has to be 
considered in order to determine what fraction of the 
radiation entering the cavity will finally escape from it, 
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It is planned to perform this study for the proposed 
“avity shape in the near future. 

A water-cooled calorimeter has been built to this 
design and is currently undergoing tests. These tests 
will help to determine its efficiency in absorbing in- 
cident radiation. 

THE SHUTTER 

In most image furnaces the intensity of the flux 
impinging on a specimen is controlled by a cylinder 
moving along the optical axis. For many experiments, 
however, an instantaneous on-off flux control is neces- 
sary. Venetian-blind-type shutters are now in use on 
some furnaces which combine the effect of flux attenua- 
tion and on-off control. A disadvantage of this mech- 
anism is that even in the fully open position it blocks 
somewhat the passage of radiation due to the thickness 
of the slats and to the need of using support members. 

A fast-action on-off shutter has been designed, which 
does not cast a shadow on the collector when in the 
retracted position. Figure 4 illustrates the mechanism 
of the shutter. The flux inceptor has a ribbed umbrella 
structure which is supported by a telescoping tube. 
In its retracted position the entire structure is behind 
the mirror and, when not needed, it can be swung 
away from the observation hole. It is extended by the 
application of compressed air and retracted by vacuum. 
In the center of the telescope there is another telescop- 


ing tube, which permits observation of the sample 
during the entire operation. 


CONCLUSIONS 

Radiant energy is an excellent heat source for experi- 
mentation and measurements at high temperatures, 
and image furnaces are suitable tools for such work. 
However, for successful experimentation it is important 
to take into consideration the special operating condi- 
tions of image furnaces. In most cases conventional 
instruments and techniques cannot be used because 


of the small size and uneven flux distribution at the 
hot zone. A completely fresh approach has to be taken 
for each type of experimentation when using high- 
intensity radiant energy. The size, shape, and mounting 
of the specimen may require unconventional arrange- 
ments. New methods of observation and measurement 
must be developed together with instruments of special 
design. Because of the novelty of image furnaces, very 
little work has been done to date. However, with 
progress in this field a unique and very versatile tool 
will soon be available for high-temperature research. 
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Tests on plate heat collectors reveal that they 
are highly efficient in transferring heat and thus 
in increasing the temperature of a stream of air 
provided that the space between the cover and 
the bottom of the collector is filled with slit-and- 
expanded aluminum foil blackened on the one 
side, which is turned toward the sun. The air 
stream traverses the collector parallel to the 
general plane of the foil layers. The high radiant- 
energy exchange should reduce the cost of heat 
collectors and hasten wider utilization of solar 


heat. 


\ solar-energy plate collector using novel air-perme- 
able media is very effective in raising the temperature 
of an air stream. Its high efficiency may be attributed 
to the arrangement in lavers ol slit-and-expanded 
aluminum foil having one black side upon which the 
solar energy falls. The general construction is other- 
wise similar to a conventional plate collector in that 
it employs an insulated shallow tray, painted black 
inside, with a transparent cover. The foil, which is 
placed inside the tray, fills the space between the 
cover glass and the bottom of the tray. 

The foil used i 
lig. | which shows the openings enlarged approximately 

} times. The foil is 0.002 in. thick and is coated on 


one side with black vinyl enamel. It averages about 


in these experiments is illustrated in 


85 sq ft per lb and costs approximately $1.85 per Ib in 
rolls. The material cost per sq ft of seven layers is 
aproximately 15¢. 

Due to the expansion pattern, when a number of 
layers of the slit-and-expanded foil are superimposed 
without pressure, the thickness of a layer is approxi- 
mately 0.065 in. per layer. The reduction of light 
incident to each successive layer of foil is shown in 
Table 1 for a stack laid up at random, as determined 
by a Weston light meter. 

The heat collector is 18 in. wide with an effective 
length of approximately 5 ft; the frame is constructed 


of %-in. plywood lined with 22 gauge galvanized iron. 


Notes on a Solar Collector with Unique Air 


Permeable Media 


M. J. Shoemaker 


Research Products Corporation, Madison, Wisconsin 


The frame is insulated at the bottom only with approxi- 
mately 33 in. of fiber-glass blanket between the wood 
and the galvanized iron. The two single-strength glass 
covers are spaced } in. apart. Tape prevents air leakage 


Fic. 1—Close-up of 7 layers of the slit and expanded aluminum 
foil used in the experiments described. Approximately 
2.3 X actual size. 


Tasie 1—Light Transmission Through the Meshes of a 
Stack of Lavers of Expanded Foil 


“ of Total Light Incident 


¢ Light Reduction on Each Sheet of Foil 


No. of Layers 


0 0 
l 33.3 33.3 

2 50.0 16.7 
3 63.3 13.3 
73.3 10.0 
5 79.0 5.7 
6 86.0 7.0 ‘ 
7 90.0 4.0 


at the edges of the glass panes which are recessed into 
the wood frame. The collector is mounted normal to the 
rays of the sun during tests. Air was drawn through an 
orifice meter at controlled rates at the lower end of the 
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Fic. 2—Two views of the experimental heat collector showing 
the slit and expanded foil used in the tests reported by 
the author. 


collector and discharged at the upper end by a blower; 
Fig. 2 shows two views of the test set-up. Tempera- 
tures of the inlet and outlet air were recorded. 

In the first series of tests the distance between the 
glass and the bottom of the collector was 1 in. Tests 


TEMPERATURE RISE—°F 


A— o—WITH NO FOL IN |" DEEP COLLECTOR 
B—o—WITH LAYERS OF FOIL IN I"DEEP COLLECTOR 
C— e—WITH 7 LAYERS OF FOIL IN |" DEEP COLLECTOR 
S1— D— x— WITH 7 LAYERS OF FOIL IN ''46" DEEP COLLECTOR 
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2 3 4 5 6 
AIR FLOW RATE— cubic feet per min. per square foot of area 
Fig. 3—Temperature rise of the air passing through the col- 
lector vs. flow rate (a) With no foil in the 1 in. deep 
collector. (b) With 17 layers of foil filling the 1 in. deep 
space in the collector. (c) With 7 layers of foil and in- 
sufficient to fill the 1 in. deep space. (d) With 7 layers 
of foil adjusted to fill a collector space "i in. deep. 


were run with the collector empty and also with 17 
layers of the foil slightly compressed to fill the space 
between the glass and the bottom. The tests for curves 
(a) & (b) shown in Fig. 3 were run on clear days bet ween 
Aug. 31 and Sept. 26 between the hours of 9:30 A.M. 
and 1:10 P.M. standard time. These curves show the 
temperature rise of the air passing through the collector 
with no foil and with 17 layers of foil, respectively. 
It may be noted that the temperature rise of the air 
is from 50 to 60 F greater in the flow rate range of 1 
to 3 cfm per sq ft of area when the foil is used. In terms 
of heat collected, curves (a) and (b) in Fig. 4 illustrate 
the performance of the collector without and with the 
foil, respectively. At an air flow rate of about 4 cfm ‘sq 
ft, the heat collected levelled off at about 5.3 
Btu/min-sq ft. This rate is more than double that of 
the black-box type collector without foil. Assuming 
that the glass transmitted 85-90° of the incident 
solar energy, it is suggested that the performance, as 
reflected by the temperature rise, is remarkably close 
to a maximum for the avilable solar energy. 

In the second series of tests, the number of layers of 
foil was reduced from 17 to 7 and the same distance of 
1 in. between the glass and the collector bottom was 
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min. 
4 


3 


| 


HEAT COLLECTED— per 


| 2 3 4 5 
AIR FLOW—C.FM per squore foot of collector orea 


Fic. 4—Heat collected vs. air flow rate (a) With no foil in the 


lin. deep collector. (b) With 17 layers of foil in the same 
collector 


retained as formerly. The foil no longer filled the 
available space, there being a clearance of about 7 in. 
between the glass and the top of the foil stack. Observa- 
tions made on Oct. 17 between 9:30 and 10:30 A.M. 
established curve (ec) in Fig. 3. The reason for the 
greatly reduced temperature rise in curve (¢) as com- 
pared to curve (b) is probably due to the free-air space 
hetweeen the glass and the foil, which, offering less 
resistance, resulted in some of the air stream by-passing 
the foil lavers and therefore not absorbing available 
heat in the foil stack. 

In the third series of tests, the clearance between the 
glass and the top of the foil stack was reduced to 
3% in. so that 7 layers of foil virtually filled the space. 
The data for curve (d) in Fig. 3 were obtained on Oct. 
24 between 10 A.M. and 12 noon. It will be observed 
that curves (b) and (d) are virtually the same thus 
showing that for air flow confined to the space occupied 
by the foil stack, 7 layers are just as effective as 17 
for heat exchange. 

In accounting for the greatly improved performance 
of a plate heat collector when used with slit and ex- 
panded foil blackened on the side which is turned 
toward the sun, it may be observed that, in effect, 
the incident radiant energy is transferred to the air 
stream by reradiation as well as forced convection. 
According to the data in Table 1, the first layer of foil 
transfers by reradiation and convection about one-third 
of the energy. The actual area of the foil is 38.5 of 
the apparent or gross area of the slit-and-expanded 


LIGHT EXTINCTION BY LAYERS OF 
SUT AND EXPANDED FOIL 
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PER CENT OF TOTAL LIGHT EXTINCTION 
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| 2 3 4 
LAYERS OF SLIT AND EXPANDED BLACK FOIL 


Fic. 5—Light extinction by layers of slit and expanded 
foil. 


foil, but due to inclination of the baffles, the light 
intercepted in a plane perpendicular to the solar rays 
is 33.35. The second layer transfers about half as 
much as the first layer, and the third about 13‘, 
while the remaining four layers in the 7 layer stack 
convert about 27°, thereby leaving only about 10% 
of the total radiant heat to be transferred at the bottom 
of the collector. Due to this mechanism of energy 
transfer in the space traversed by the air stream, the 
boundary temperatures in the collector are greatly 
reduced; hence the temperature gradient and the heat 
loss by conduction through the bottom and sides of the 
collector are correspondingly reduced. Since the bright 
side of the foil is turned downward, the preponderance 
of reradiation is diverted upward and laterally. The 
baffles of the foil being turned at an angle, the reradia- 
tion from the foil occurs in many directions throughout 
the pervious mass thereby providing rapid and efficient 
heat transfer to the air streaming through it. It is 
believed that this explanation may account for the 
excellent performance of a plate-type heat collector 
filled with the expanded foil. 

The apparent low value for the light intercepted by 
the fifth layer is believed due to the fortuitous arrange- 
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ment resulting from stacking the various layers at 
random. From the light study, it is apparent that it 
would be desirable to intercept less light on the first 
layer and this can easily be accomplished by employing 
a more open pattern. By selecting patterns, the heat 
can be transferred uniformly throughout the layers in 
the stack. 


The work described should make possible lower 


original and maintenance costs in the collection of 
solar energy. It also demonstrates that for any air 
rate within the observed range and area of exposure, 
consistently higher air temperatures are obtainable 
with foil-stack collectors than with conventional 
plate-type collectors. 
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I—Evaporative Processes 
Grune, Werner N. and Zandi, Iraj, “Improved Solar 
Still Process for Desalting Sea and Brackish Waters.”’ 
Journal American Water Works Assn. 52 (8): 993- 
1005, Aug. 1960. Illus. 


Several new design features have been investigated to 
improve the yield of existing solar stills. One of the improve- 
ments is the mechanical separation of the collector-evaporator 
unit from the condenser. A further improvement is the use of 
air as an intermediate substance that substitutes forced con- 
vection for natural convection to increase evaporation. In 
addition, this design utilizes droplet evaporation in lieu of 
Hat-sheet evaporation to increase the interfacial area between 
carrier and water droplet. 


* * * 


Ozisik, N. and Schutrum, L. F., “Solar Heat Gains 
Through Slat-Type Between-Glass Shading Devices,” 
The American Society of Heating, Refrigerating 
«& Air-Conditioning Engineers, Cleveland, Ohio, 1960. 
8 p. Illus. 


Instantaneous heat gains through slat-type between-glass 
shading devices have been predicted with engineering accuracy 
from the incident solar radiation, the outdoor air temperature, 
and the K and U values reported in the paper. 

The use of these shading devices results in a reduction of 
instantaneous heat gains as compared with a window of single 
glass. For a west-oriented window, the design (Aug. 1, 40° N. 
Lat.) instantaneous heat gain from 12 noon to 5 p.m., using 
a slat-type between-glass shading device constructed with 
ordinary window glass, would be about 35 to 60 per cent of the 
gain through a window of single regular plate glass. These 
percentages also hold for the maximum instantaneous heat 
gains 


* * * 


U. S. Department of the Interior, ‘Saline Water 
Conversion,” National Academy of Sciences-Na- 
tional Research Council, Pub. 568, Proceedings of a 
Symposium, 4—6 Noy., 1957, 3-459 p. Illus. 


This symposium brings together for the first time those in 
the world concerned with the development of solutions of the 
problems of saline water conversion. The proceedings of the 
symposium can be regarded as representing the current state 
of knowledge in this field, and to present accurately the status 
of world progress toward solution of one of the critical prob- 
lems facing man. Details of commercial equipment are included 
only incidentally, the primary emphasis being on the state of 
knowledge rather than details of commercial practice. 
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Solar Abstracts 


Milton D. Lowenstein 


Technical Research Service Center, AFASE 


Solar Distillation Developments in the C. Gomella 
Eastern Mediterranean 

Solar Still Theory and New Research M. Telkes 
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* * * 


IIl—Space Water Heating and Absorptive Col- 
lectors 


Deo. Suresh, ‘Heating of Water in a Flat Solar Energy 
Collector.” Nagpur University, 1956, September, 
1960, 2-82 p. Illus. 


The flat-plate collector constructed by the writer is a 
“sandwich”? of eight component parts. The experimental 
thermal efficiencies of this unit, 33 to 53 per cent, compare 
favorably with efficiencies of 32 to 57 per cent for similar type 
of units designed and tested by other investigators. 

Data obtained from the Department of Home Economics 
at the University of Mississippi indicate that a temperature 
of approximately 118 F is just about right for the purpose of 
washing dishes and clothes in household use, but is a bit high 
for bathing purposes. It thus appears that the water tempera- 
tures of 126 to 135 F attained in the experimental solar heater 
are not too low and, in fact, may be accepted favorably by 
many households. Brooks has indicated that with ordinary 
care, a family of five uses about 100 gal of hot water per day 
with an extra 25 gal for clothes washing. The hot water supply 
capacity of the experimental solar heater, about 975 lb or 116 
gal in the temperature range of approximately 135 to 125 F 
(the ambient air temperatures being 80 to 93 F), therefore, 
appears very encouraging. 


* * 


Mathur, kK. N., Khanna, M. L., Davey, T. N., and 
Suri, 8. P., ‘Domestic Solar Water Heater.’ Journal 
of Scientific Industrial Research 18A (2): 51-58, 
1959. Illus. 


An arrangement for heating water with solar energy for 
supplying the domestic needs of a small family at Delhi, using 
easily available and inexpensive construction materials (gal- 
vanized iron sheets), has been described. The heat collector 
unit consists of a wooden box, insulated at the bottom, in 
which are formed the flow channels for water by one corrugated 
and one plane galvanized iron sheet. The upper side of the 
box is glazed with one or more layers of } in. thick window 
glass sheets to reduce heat losses, keeping a 2 in. gap between 
the glass sheets and the water flow channels. 

As the length of the day is short and water requirements 
large during the winter, the heating unit is set up at an angle 
of 45° to the horizontal to make the best use of sunlight. Flow 
rates of water, through the collector unit, in the range 4-21 
gal/hr have been used and a rate of 7-10 gal/hr has been found 
to be optimum under the experimental conditions employed. 
The efficiency of heat transfer on a clear day is about 70 per 
cent which is more than that for the usual types of heat col- 
lector units using copper pipes soldered to flat copper sheets. 
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I1I—Cooling Processes: Refrigeration and Heat 
Rejection Systems 


No abstracts this issue. 


1V—-Heat Collectors and Solar Cookers 


Yappel, A. Ralph, ‘‘Solar Energy Steam Generator: 
Parabolic-Cylinder Mirror Type.” Contributed by 
the Solar Energy Applications Committee for presen- 
tation at the Winter Annual Meeting, New York, 
N. Y., Nov. 27—Dec. 2, 1960, American Society of 
Mechanical Engineers. 10 p. Illus. 60-WA-89 


This paper presents a summary of performance data for a 
solar steam generator along with a rough estimate of power 
cost. After a brief discussion of the equipment, an analysis of 
performance data at different saturation temperatures is pre- 
sented. A theoretical study of predicted performance is made 
for use of an improved focus tube. Abbot’s original steam 
generator is very briefly described in Appendix A. Owing to 
high cost of power production, this type of power plant may 
be useful on the earth’s surface only in remote regions. How- 
ever, this type of power generator may be utilized on space 
vehicles to advantage. 


V—Thermoelectric 
Bloom, Justin L. and Weddell, James B., ‘13-Watt 
Isotope-Powered Thermoelectric Generators — for 


Space and Lunar Impact Missions.’”’ Presented at 


ARS Space Power Systems Conference, Santa 
Monica, Calif., Sept. 27-30, 1960. 11 p. Illus. (1332- 


60) 


Two small thermoelectric generators which derive their 
power from the radioactive decay of Curium-242 have been 
designed. 

The first is intended for use in space and is capable of 
delivering an essentially constant power output of 13 electrical 
watts over a 6 month operational life. It weighs 16.6 lb and 
occupies a volume of 230 cu in. 

The second generator is designed to operate for 2 months, 
both in lunar day and night, after a hard (500 ft/sec) impact 
on the moon. The principles of design are described. The com- 
plete power supply weighs 6.2 lb and occupies a volume of 350 
cu in., including allowances for mounting a structure and 
radiator surfaces. 

In both cases, external radiation levels may be reduced to 
the point where personnel exposure in ground handling and 
photon dosage to neighboring instrumentation are minimized. 

Thermal-to-electrical conversion principles, properties of 
the radioisotope fuel, method of encapsulation of the fuel and 
techniques for obtaining constant power output are discussed. 
Safety considerations in the event of accidents during launch- 
to-operation sequence are presented briefly. 

* 


* * 


Danko, J. C., Kilp, G. R., and Mitchell, P. V., “Irradi- 
ation Effects on Thermoelectric Materials.”’ Pre- 
sented at ARS Space Power Systems Conference, 
Santa Monica, Calif., Sept. 27-380, 1960. 5 p. Illus. 
(1276-60) 


The prime subject of a research and development program 
on a thermoelectric nuclear fuel element was Li,Ni,_,O. 
In-pile measurements of the Seebeck coefficient and electrical 
resistivity were made at reactor ambient temperatures and 
elevated temperatures. In addition, pre-postirradiation meas- 
urements of the Seeback coefficient, electrical resistivity, and 
thermal conductivity were performed. The following compo- 
sitions were tested: 1. Li oisNi.9s7O0, 2. LiosNi.g5O. 


Post-irradiation measurements on Li.oisNi.9s;0 samples 
after exposure to a total integrated thermal neutron flux of 
1.4 X 10" revealed that the electrical resistivity had returned 
to the pre-irradiation value; the Seebeck coefficient had in- 
creased slightly; and the thermal conductivity had remained 
essentially unchanged. In-pile measurements of the Seebeck 
coefficient and electrical resistivity of Li.o;Ni,9g0 at 464 C 
and up to 8 X 10% nvt (thermal) did not show much variation 
from out-of-pile values. 


* * 


Gardner, Edward E. and Woisard, Edwin L., ‘““Thermo- 
electric Materials for Space Cooling.”’ Presented at 
ARS Space Power Systems Conference, Santa 
Monica, Calif., Sept. 27-30, 1960. 7 p. Illus. (1280— 
60) 


Thermoelectric devices are particularly suited to space 
applications. Since these are electronic devices there is no 
mechanical motion involved, no moving parts. Immediately 
this implies long life and dependability with minimum upkeep. 
Of equal importance, this also means there are no vibrations 
or gyroscopic moments to interfere with guidance or stabilizing 
systems. The demands which space applications make on 
thermoelectric materials will be discussed as well as the prob- 
lems inherent in the materials themselves. In particular, the 
properties of n-type and p-type thermoelectric elements 
belonging to the bismuth telluride class of compounds will be 
examined in terms of the various thermoelectric parameters. 
Other promising thermoelectric materials will also be pre 
sented. Conclusions will be drawn as to the degree to which 
materials available today meet the demand of space applica- 
tions and, finally, the outlook for improved materials in the 
future will be discussed. 

* 


Greenfield, H. H., ‘Optimized SNAP II] Power Gen- 
erator Design for Spacecraft.’’ Presented at ARS 
Space Power Systems Conference, Santa Monica, 
Calif., Sept. 27-30, 1960. 18 p. Illus. (1278-60) 


Design performance studies on the original SNAP III type 
of thermoelectric generator were made to optimize its use as a 
power system for special spacecraft missions. From laboratory 
and analytical studies on the generator’s performance and 
thermal energy rejection characteristics in a space environ- 
ment, it was determined that the initial available electrical 
power can be increased by as much as a factor of four. The 
electrical power is increased by increasing the thermal input 
of the generator at the expense of conversion efficiency. The 
modification to the SNAP generator consists of increasing the 
diameter of the thermoelectric elements and decreasing their 
length as well as modifying the fuel container and hot shoes to 
physically accommodate the thermoelectric element. How 
ever, the over-all physical characteristics of the SNAP III 
generator—dimensions, number and type of thermoelectric el 
ements, method of hot and cold junction contacting, hot and 
cold junction temperature limits, radial arrangement, number 
of thermoelectric element rows, and thermal insulation 
remain unchanged in the modified design. 


* 


* 


Mayer, 8. E. and Ritchie, I. M. “The Use of High 
Temperature Thermoelectric Materials  (Silicides) 


for Power Generation in Space.”’ Presented at ARS 
Space Power Systems Conference, Santa Monica, 


Calif., Sept. 27-30, 1960. 4 p. Illus. (1279-60) 


This paper discusses the possible use of some developmental 
high temperature thermoelectric materials—the  silicides 
for space applications. Calculations of efficiency and power- 
weight ratio are carried out for present typical materials and 
materials which might reasonably be expected to result from 
present work. It is shown that even though these materials 
leave a lot to be desired in terms of efficiency, the power-weight 
ratios are more favorable than other materials industrially 
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available for cases in which the rejected heat can only be lost 
by radiation. For a given efficiency and Seebeck coefficient 
for materials having the same efficiency it is shown that the 
particular combination of parameters in these materials viz 
low electrical resistivity and high thermal conductivity is the 
most desirable 


Vickery, R. C., Muir, H. M., and Kleber, E. V., 
“Thermoelectric Properties of some Rare Earth 
Systems.”’ Presented at ARS Space Power Systems 
Conference, Santa Monica, Calif., Sept. 27-30, 1960. 
t p. Illus. (1275-60). 


Compositions of gadolinium with other metals and metal- 
loids have been examined for value as high temperature therm- 
oelectric materials. In systems containing bismuth, antimony, 
silicon, boron phosphorus, iron, nickel, cobalt and manganese, 
Seebeck emf’s and resistivities are generally low (20-30 uv/C 
and 200-400 u-cm_ respectively The gadolimium-selenium 
system presents however, intermetallic compounds with See- 
beck outputs up to 600 uv/C and resistivities ranging from 
0.2 to 1000 X 10°%-em. Specific considerations are made of the 
potential of this system 


Vapor, Hot Air, and Fluid Heat Engines 


Bullock, 
Presented at ARS Space Power Systems Conference, 
Santa Monica, Calif., Sept. 27-30, 1960. 20 p. Illus. 
(1527-60 


tobert O., “Vapor Turbine tor Space Power.”’ 


Vapor turbines for space power will require the use of un- 
familiar fluids in unfamiliar conditions. In order to achieve 
long life, reliability, and efficiency, attention must be given 
to problems that previously were either nonexistent or could 
be economically ignored. Several prominent problems are 
raised; the background information about them is reviewed, 
and the research and development required to solve them is 
outlined 


Parker, M. D. and Smith, C. L., 


Development for Space Power.’ Presented at ARS 


“Stirling Engine 


Space Power Systems Conference, Santa Monica, 
Calif., Sept. 27-30, 1960. 34 p. Illus. (1315-60) 


The basic Stirling evele is reviewed with respect to its 
advantages and limitations for space power applications. An 
engine design for space power is discussed with particular 
emphasis on problems associated with the space environment. 
Conditions for exact balance of dvnamic forces are examined. 
and development approach to the lubrication and 
sealing problems in a zero gravity environment for long periods 
of unattended operation is outlined. Finally, a Stirling cycle 
engine, designed and constructed by the Allison Division of 
General Motors Corporation, is discussed. 


Design 


* * * 


ViIl—Solar Furnaces 


Hiester, Nevin Kk. and De La Rue, R. E., ‘The Image 
Furnace as a Research Tool.’’ Reprinted from ARS 
Journal, Oct. 1960, 928-938 p. Illus. 


The purpose of this paper is to provide a guide to the litera- 
ture covering some of the important theoretical and practical 
aspects of image furnaces and their operation. In addition, 
some of the research areas where these devices have been used 
will be briefly described in the hope that it may trigger ideas 
for other ways in which they can be used to solve research 
problems 


Kevane, Clement J., “Report on the Measurement of 
Thermal Diffusivity Using a Solar Furnace.” Office 
of Naval Research Contract No. NR-032-419, 
June 1958. 


In order to develop a method for measurement of thermal 
diffusivity of materials, the propagation of temperature waves 
set up by periodic modulation of the heat flux in a solar furnace 
was studied at moderate temperatures. The experimental 
results were compared with an analysis of one-dimensional 
heat flow under periodic excitation to determine thermal diffu- 
Sivity. 

Because of small temperature oscillation amplitudes and 
rather large temperature fluctuations at the focal spot, work 
was limited to temperatures less than 1000 C. The results are 
only in rough order of magnitude agreement with known 
thermal diffusivities because of the temperature fluctuation 
noise and undetermined systematic errors. 


* 
VIIL— Thermionic 
Oman, Henry and Street, George, Jr., ‘Experimental 
Solar Thermionic Converter for Space Use.” ATEE 
Pacific General Meeting, San Diego, Calif., August 
8-12, 1960. Conference Paper, May 10, 1960. 8 p. 
Illus. (60-1040). 


1. A high-pressure cesium-vapor type thermionic converter 
heated by sunshine concentrated by a lightweight mirror 
appears to be a promising power source for space vehicles. 

2. A procedure for designing solar-thermionic space-vehicle 
power sources has been developed. 

3. Tests of a 15 watt solar heated thermionic converter 
should establish valid design criteria for these converters. 


IX—-Photochemical Processes: Biological, Botani- 
cal and Inorganic 


Hardwick, R., ‘‘Kinetic Studies of the Thionine-Iron 
System II,”’ Dept. of Chemistry, Univ. of California, 
Los Angeles, Calif., 5 p. Illus. 


The observed inhibitory effect of ferric ions on the bleaching 
of aqueous thionine-ferrous ion solutions has been formerly 
attributed to direct quenching of excited thionine. The results 
of the present experiments, reinforced by recent data of other 
authors, are used in an interpretation of the reaction mecha- 
nism which assigns a chemical, not quenching, role to ferric 
10ns. 


\--Photoelectric: Photovoltaic, Photogalvanic, 
Piezoelectric 


Dale, B., and Rudenberg, H. G., ‘Photovoltaic Con- 
version-High Efficiency Silicon Solar Cells.’’ Tran- 
sitron Electronic Corporation, Reprinted from 14th 
Annual Proceedings, Power Sources Conference, 


May 17-19, 1960. 4 p. Illus. 


The improvements made in high efficiency silicon solar cells 
under a research study have been described. They have raised 
the over-all conversion efficiency of the units from 10°; to 
15°, by careful design of the cell structure. The work has 
raised the output voltage of the cell, substantially lowered 
the series resistance, and has provided various surfaces with 
differing optical characteristics. A new tetrahedral surface 
structure, as well as clear silicon surfaces and adjustable 
optical coatings have been shown. The improved cells are 
capable of use with light concentrators to increase the output 
per cell and lower costs by factors of 5 to 10 times. Thus a 
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five cell array capable of 1 watt output in bright sunlight is 
now possible. Radiation studies show that the decrease of 
efficiency can be predicted from laboratory measurements of 
lifetime. 


C. A. and Luft, Werner, ‘Silicon Photo- 
voltaic Cells and the Utilization of Solar Energy.”’ 
International Rectifier Corp., June, 1960. 16 p. Illus. 


Silicon photovoltaic cells are being widely used in numerous 
applications, both celestial and terrestrial, for the direct con- 
version of solar radiation into electric power. The possibility 
of relieving the world energy problem by the photovoltaic 
process is discussed. Present day silicon solar cells have con- 
version efficiencies of 12 per cent or more, and the preparation, 
operating principles, and characteristics of silicon solar cells 
are presented. The control of cell temperature in space vehicles 
is discussed in terms of the absorptance and emittance of radia- 
tion by the silicon cell surface, and measured values of these 
parameters are shown for uncovered cells and for cells pro- 
vided with glass or with silicon oxide films. 


Gordon, G. D., “Measurement of Ratio of Absorptivity 


of Sunlight to Thermal Emissivity.”” The Review of 


Scientific Instruments, 31 (11): 1204-1207, Nov. 1960. 
Illus. 


Direct measurements of the ratio of the surface absorptivity 
of sunlight to the thermal emissivity have been made, and the 
apparatus is described. A thin plate to be measured is sus 
pended in a vacuum, surrounded by walls cooled by liquid 
nitrogen, and illuminated by an are light, which simulates 
solar radiation. The desired ratio is determined from the 
equilibrium temperature, which ranged from 0 to 250 C for the 
samples measured. Possible errors in the procedure have been 
analyzed theoretically, and corrections introduced where 
necessary. Intensity fluctuations in the present light source 
have limited the accuracy to 10°,, but this is not a fundamental 
limitation in the method. Values of the thermal emissivity are 
also obtained from the rate of change of sample temperature. 


Kracher, Richard W., ‘Advent.’ Presented at ARS 
Space Power Systems Conference, Santa Monica, 
Calif., Sept. 27-30, 1960. 3 p. Illus. (1343-60) 


The vehicle will be positioned so that its antenna will be 
continually oriented toward the earth by means of the attitude 
control system. The electrical power for the vehicle will be 
drawn from the sun and converted to electricity by silicon 
photovoltaic cells. The tens of thousands of cells required will 
be distributed over one side of two paddles deployed on each 
side of the vehicle. 


Spitzer, C. F., “Solar Cell Measurement Standardiza- 
tion.”’ Lockheed Aircraft Corp., Missiles & Space 
Div., Sunnyvale, Calif. LMSD-288184, Feb. 29, 
1960. 84 p. Illus. 


This report on solar cell standards and measurements covers 
the preparation of standard solar cells, methods for measuring 
the direct solar radiation intensity, the latitude of the ob- 
serving location, and atmospheric conditions necessary to 
accurate measurement. Calibration and maintenance of stand- 
ard solar cells are also included. Laboratory light source and 
instrumentation of cell measurements are discussed. Defini- 
tions of the various terminologies and a literature survey for 
1949 to the present is included for the convenience of the 
reader. 


Grace, W. R., “Investigation of Thin Sheets of High- 
Quality, Single-Crystal Silicon.” U. 8. Army Signal 


Research & Development Laboratory, Report No. 3, 
ARPA Order No. 80-59, Sept. 10, 1960. 31 p. Illus. 


The purpose of this contract is to ayy gg a determine 
the feasibility of a concept advanced by Dr. W. Shockley of 
floating a thin layer or film of molten silicon atthe a liquid metal 
surface, preferably lead, and pulling the silicon horizont: ally 
through a temperature gradient to obtain a single crystal in 
the form of thin sheet. The objective is to develop a method 
for the continuous production of thin sheets of high-quality, 
single-crystal silicon of less than 1 mm thickness and of ap 
preciably greater dimensions than currently available. 


* * * 


Wysocki, Joseph J., and Rappaport, Paul, ‘Effect of 
Temperature on Photovoltaic Solar Energy Conver- 
sion,”’ Journal of Applied Physics, 31 (3): 571-578, 
March 1960. Illus. 


Photovoltaic solar energy conversion is investigated theo 
retically over a temperature range of 0-400 C using semi 
conductor materials with band gaps varying from 0.7 to 2.4 

Three cases are considered. In Case 1, the junction current 
is the ideal current. In Case 11, the junction current is the 
ideal plus a recombination current; and in Case 111, a re 
combination current. The best conversion performance is 
obtained for the ideal current; the worst, for the reecombina- 
tion current. The maximum conversion efficiency occurs in 
materials with higher band gap as the temperature is increased. 
GaAs is close to the optimum material for temperatures below 
200 C. Experimental measurements are presented on Si, GaAs, 
and Cds cells. The measurements on Si and GaAs agree with 
theoretical expectations as far as the gross behavior is con 
cerned. The CdS cell behaves anomalously as if it were made 
from a material with band gap of 1.1 ev 


* * * 


XI—Radiation Mechanics: Insolation, Spectros- 
copy, Spectral Distribution 


Fritz, Sigmund, “‘Solar Radiation Measurements in the 
Arctic Ocean.’ Geophysical Research Paper No. 63, 


Scientific Studies at Fletcher’s Ice Island, T-3, 
1952-1955, 11: 6-10, Dee. 1959. Illus. 


For several years the U. 8. Air Foree Cambridge Research 
Center has made various measurements on ice islands in the 
Arctic Ocean. Among the measurements was the amount of 
solar energy received on a horizontal surface from sun and 
sky, and this report summarizes the data taken on Fletcher’s 
Ice Island, T-3, during the year 1953. During the period March 
through October, the solar energy is measurable. In 1953 at 
that time T-3 was located near 86°N and 90°W, which is in the 
Arctic Ocean north of Hudson Bay, Canada. 


* * * 


Stearns, Forest W., and Carlson, Charles A., ‘‘Correla- 
tions between Soil-Moisture Depletion, Solar Radi- 
ation, and other Environmental Factors,” Journal 
of Geophysical Research, 65 (11): 3727-3732, Nov. 
1960. 


To extend the usefulness of a soil-moisture prediction 
method, solar radiation, temperature, and other environ- 
mental factors were studied in relation to moisture loss in the 
surface 12 inches of soil. Data were obtained in an upland 
meadow on loessial soil near Vicksburg, Mississippi. Com- 
parisons were made only for drying periods, and only when 
soil moisture was in the wetter half of its range. 

Highest correlations of single factors with moisture loss 
were obtained with soil temperature and evaporation-pan data 
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r = 0.79 each), and with solar radiation (r = 0.76). Values for 
air temperature, vapor pressure deficit, humidity, and wind 
were progressively lower. Correlations with soil temperature 
or evaporation-pan data were somewhat improved by the ad- 
dition of other factors in combination. Highest correlation 


was obtained with a site-derived depletion curve (r = 0.85) 
from the previous vear. 


Tracking, and 


\IIL— Accessories: Batteries, 
Control Systems 
Jordan, Richard C., ‘Solar Energy Storage Practical 
Application,” American Artisan, Oct. 1960, 53-56 

Illus. 

Stones, water, concrete or change-of-phase materials supply 
stored heat when solar radiation is below requirements. Since 
solar energy source is highly variable, it is manditory that 


iny solar space heating be designed with either an energy 
storage system, auxiliary heat, or both. 


* * * 


\IV- Geophysical and Meteorolgical: Weather, 
Climate, Sundials, Telescopes, Mlagnetism, 
and Gravity 

Hubert, L. F., Fritz, S., and Wexler, H., “Pictures of 

the Earth from High Altitudes and their Meteoro- 
logical Significance.”? U. 8. Weather Bureau, Wash- 
ington, D. C. 10 p. 1960. Tllus. 


focket pictures provide an excellent preview of an im- 
portant new source of meteorological data that will soon be 
ivailable from satellites equipped with television cameras. 
A mosaic picture, resulting from a moving picture of the Atlas 
flight of August 24, 1959, is presented. It illustrated the meteor- 
ological potential of cloud pictures taken simultaneously over 
millions of square miles 

While a television picture will not have the same resolution 
as the Atlas film, it will show significant cloud patterns. This 
is illustrated with the aid of two versions of a rocket photo 
graph mosaic taken over Texas in October 1954. The original 
version of the mosaic shows macro- and meso-scale meteor 
ological phenomena including an upper vortex; the second 
version has been scanned with 250 lines to simulate satellite 
television pictures. Despite the low resolution of the simulated 
picture, significant features are still visible. 


* * 


Fritz, Sigmund, ‘Absorption and Scattering of Solar 
Knergy in Clouds of Large Water Drops.’ U. 8. 
Weather Bureau, Journal of Meteorology, Feb. 1958, 


15: 51-58. Illus. 


A brief description of the basic method used to compute the 
absorption of solar energy in clouds is given. The numerical 
results of computations are presented. These include: 1. the 
ibsorption in thick clouds as a function of wavelength; 2 
the total absorption in thick clouds as a function of certain 
cloud parameters; and 3. the absorption as a function of 
thickness for a particular cloud. The effect of the water vapor 
ibove the cloud on absorption in the cloud is discussed; the 


influence of the sun’s zenith distance is indicated. For some 
cases, the albedo of the clouds is also given. 


« * 


Fritz, Sigmund, “On Observing the Atmosphere from 
Satellites,” Weatherwide, U. S. Weather Bureau, 
Washington, D. C. 12 (4): 139-165. Aug. 1959. Illus. 


The observation of clouds involves at least three types of 
information. First we can measure cloud amount; secondly 
we will often be able to determine cloud type; and third, we 
can observe cloud patterns such as vortices, cloud ‘‘streets,”’ 
frontal cloud fields, ete. Features such as vertical shear can 
sometimes also be determined. 


Fritz, Sigmund, ‘‘Radiational Inversions and Surface 
Temperature Changes,” .Wonthly Weather Review, 
U. 8. Weather Bureau, Washington, D. C., April 
1958, 129-132. Illus. 


When air stagnates in dark polar regions, an inversion 
forms. The change of the inversion magnitude is studied under 
the assumption that the snow surface radiates about as much 
energy as it receives from the atmosphere. It turns out that 
the inversion magnitude may either decrease or increase as 
the surface temperature falls, depending on the rate of change 
of atmospheric ‘‘emissivity’’ with air temperature. 


* * 


Maxwell, A., Howard, W. E. III, and Garmire, G., 
“Some Statistics of Solar Radio Bursts at Sunspot 
Maximum” Journal of Geophysical Research, 65 (11): 
3581-3588, Nov. 1960. Illus. 


This paper discusses the occurrence and intensity of solar 
radio bursts at four frequencies in the band 100 to 600 Me/s. 
The observations cover 4010 hours during a 12 month period 
at sunspot maximum; the results refer essentially to bursts of 
intensity greater than 10" mks unit and duration greater than 
0.3 second; and the statistical information has been inter- 
preted in terms of the spectral characteristics of the bursts. 
The experimental data were taken at Fort Davis, Texas, and 
the analvsis shows that at 125 Me/s burst radiation was re- 
corded for 560 hours, of which 380 hours were of low intensity. 
At 200 Mc/s the burst radiation covered 350 hours, of which 
240 hours were of low intensity. For these two frequencies 
the bursts occurred mainly in the form of noise storms (spec- 
tral type I). At 425 and 550 Me/s the total times of the solar 
bursts were much less, being respectively 21 and 23 hours; for 
the most part, however, this radiation was of high intensity 
and appeared in the form of continuum radiation (spectral 
type IV) over a wide frequency range. 


x x 


Wexler, Harry, and Fritz, Sigmund, “Tiros Reveals 
Cloud Formations,”’ Sczence, 131 (3415): 1708-1710, 
June 10, 1960. Illus. 


Tiros 1, the experimental weather satellite, in the first 
month of its operation, orbited the earth about 450 times and 
took about 9000 pictures of various cloud formations. The 
pictures have revealed a large degree of organization in cloud 
systems over much of the earth’s surface. 
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